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ARTICLE INFO ABSTRACT

Keywords: Alcohol Use Disorder (AUD) can induce long lasting alterations to executive function. This includes altered action
Dorsal medial striatum control, which can manifest as dysfunctional goal-directed control. Cortical and striatal circuits mediate goal-
Alcohol

directed control over behavior, and prior research has found chronic alcohol disrupts these circuits. In partic-
ular, prior in vivo and ex vivo work have identified alterations to function and activity of dorsal medial striatum
(DMS), which is necessary for goal-directed control. However, unknown is whether these alterations manifest as
altered activity of select DMS populations during behavior. Here we examine effects of prior chronic alcohol
exposure on calcium activity modulation during action-related behaviors via fiber photometry of genetically-
identified DMS populations including the direct and indirect output pathways, and fast-spiking interneurons.
We find that prior chronic alcohol exposure leads to increased calcium modulation of the direct pathway during
action related behavior. In contrast, prior chronic alcohol exposure led to decreased calcium activity modulation
of the indirect pathway and the fast-spiking interneuron population around action-related events. Together, our
findings suggest an imbalance in striatal activity during action control. This disruption may contribute to the

Decision-making
Direct pathway
Indirect pathway

altered goal-directed control previously reported.

Introduction

Alterations to executive function as well as continued and dysregu-
lated alcohol use are hallmarks of Alcohol Use Disorder (AUD) and are
thought to result in part from effects of chronic alcohol on cortical and
striatal brain circuits. For example, goal-directed action control is
controlled by the dorsal medial region of the striatum (DMS) which has
long been shown to be altered by chronic alcohol (for review see: [1,34,
35]). Prior investigations have suggested activity within DMS is differ-
ently changed following chronic alcohol and that such changes are
responsible for a loss of behavioral control [7,15,36,37,44,45,50].
However, whether and how chronic alcohol alters activity in various
DMS neuron populations during action control is not clear.

The DMS is a heterogeneous structure, largely composed of two
GABAergic output pathways often referred to as the direct and indirect
pathways. The direct pathway contains GABAergic spiny neurons (SPNs)
that can be differentiated through their monosynaptic connection with
the Substantia Nigra Pars Reticulata as well as their expression of the
dopamine type-1 receptor (D1-SPNs). In contrast, the GABAergic SPNs

of the indirect pathway make a monosynaptic connection with the
Globus Pallidus, and express the dopamine type-2 receptor (D2- SPNs)
[17]. Modulating these output pathways are various interneuron pop-
ulations [48], including fast-spiking interneurons that are often identi-
fied and targeted by their expression of Parvalbumin (PV interneurons).
These interneurons provide a strong inhibitory clamp of SPN activity [9,
16,29,47]. The striatum as a whole is driven by glutamatergic inputs
largely from cortex and thalamus. In particular, the DMS receives input
from associative cortex and thalamus, and is thus poised to integrate and
modulate information important for goal-directed control [27]. Indeed,
numerous findings across species show that intact DMS is critical for
goal-directed behavior (for review see: [2,3,52]).

Chronic alcohol has been reported to disrupt goal-directed control
over both general reward-related behavior as well as a loss of goal-
directed control over alcohol self-administration [6,8,18,33,44,45].
This has been associated with specific changes in corticostriatal trans-
mission [37,45], as well as with general changes to transmission within
DMS. Generally, chronic alcohol has been associated with reduced
GABAergic transmission in DMS [11,13,51], and increased
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glutamatergic transmission [11,12], although recent findings have
suggested this may depend on the specific synapses interrogated (e.g. [7,
12,44,45]). Pertinent to the present investigation, a prior examination of
chronic alcohol drinking reported potentiated glutamatergic trans-
mission onto the direct pathway, and potentiated GABAergic trans-
mission onto the indirect pathway [7]. Mimicking or countering these
changes in transmission in vivo increased or decreased alcohol drinking,
respectively [7]. Furthermore, both acute and chronic alcohol has been
shown to affect transmission from and onto PV interneurons [41-43]
and striatal PV interneurons support compulsive alcohol consumption
[42]. As it is hypothesized that alcohol self-administration recruits
striatal function that eventually becomes less dependent on DMS [8,19],
it suggests chronic alcohol may lead to an imbalance between DMS ac-
tivity that results in dysfunctional goal-directed control.

Here we examine action-related calcium activity of DMS direct and
indirect pathways as well as local PV interneurons following chronic
alcohol exposure. We employed a reinforcement schedule that biases
goal-directed action control in mice [20,21,25]. Prior alcohol exposure
has been found to disrupt goal-directed control under this schedule
[44-46]. While we used bulk calcium fiber photometry from genetically
or projection-defined populations as a proxy for activity, it should be
noted that within striatum, bulk calcium activity is not linearly related
to the number of action potentials [31]. However, bulk calcium mea-
surements do provide insight into dendritic as well as somatic calcium
activity that likely reflects incoming transmission and is related to
plasticity processes. In line with prior hypotheses, we find that prior
chronic alcohol induced long-lasting increases in the calcium activity of
the direct pathway during decision-making, but reduced calcium ac-
tivity of the indirect pathway and PV fast-spiking interneurons. Our
findings support a hypothesis of DMS population activity imbalance
resulting in reduced contribution of DMS to behavioral control.

Methods and materials
Subjects

In the present studies, C57Bl/6 J mice (Jackson Labs), Pvalbtmicre)
Atbr(py  Cre+) (Jackson Labs) [26], B6.FVB(Cg)-Tg(Drd1-cre)
EY266Gsat/Mmucd (D1-Cre+) (MMMRC Repository), and B6.FVB
(Cg)-Tg(Adora2a-cre)KG139Gsat/Mmucd (A2a-Cre) [14] (MMMRC
Repository) mice were used for experiments. Adult (>8 weeks) male and
female mice were housed in groups of 2-4, with mouse chow (Labdiet
5015) and water ad libitum, and were kept on a 14 hr light/10 hr dark
cycle. While both males and female mice were included, experiments
were not powered to identify sex difference, influence of circulating
hormones in males or females, or effect of genotype on the calcium
modulation observed. All experiments were conducted during the light
phase of the light cycle. All experiments were approved by the Univer-
sity of California San Diego Institutional Animal Care and Use Com-
mittee and were carried out in accordance with the National Institutes of
Health (NIH) “Principles of Laboratory Care”. Investigators were not
blind to the experimental groups. The Animal Care and Use Committee
of the University of California, San Diego approved all experiments and
experiments were conducted according to the National Institutes of
Health (NIH) “Principles of Laboratory Care” guidelines.

Surgical procedures and histological verification

All mice were anesthetized with isoflurane (1-2%) and were given
stereotaxically guided injections into the DMS (coordinates from
Bregma in mm: anterior [A], +0.5; medial [M], +1.5; ventral [V]:
—3.25) via 500 nl volume Hamilton syringes (Reno, NV). To localize
GCaMP6s expression to direct pathway neurons we took two ap-
proaches. In one, C57Bl/6 J mice were injected with 300nl AAV-Efla-
Cre-WPRE in the SNr (coordinates from Bregma in mm: anterior [A],
—3.4; medial [M], +1.5; ventral [V]: —4.3) and injected with 300 nL
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AAV-CAG-Flex-GCaMP6s in the DMS (N = 2 M 1F Air, 2 M 2F CIE). In
the second, D1 Cre+ mice were injected with 300 nL. AAV-CAG-Flex-
GCaMP6s in the DMS (N = 3 M Air, 5 M CIE) . To localize to parval-
bumin positive and the indirect pathway, PV-Cre+, and A2a-Cre+ mice
received unilateral injections of 300 nL AAV-CAG-Flex-GCaMP6s
(pAAV.CAG.Flex.GCaMP6s.WPRE.SV40 targeted to DMS, respectively.
Post injection, an optic fiber was implanted immediately above the in-
jection site (V: —3.15). After completion of behavioral procedures, mice
were deeply anesthetized, brains extracted and placed into 4% Para-
formaldehyde for 24-48 hrs and then transferred to 1X PBS. A subset of
D1+ Cre and A2a-Cre+ mice were perfused with Calcium Chloride to
allow for imaging of GCaMP6s expression in the absence of immuno-
histochemical procedures. Spread of GCaMP6s expression was not
assessed in PV Cre+ mice due to the sparsity of PV Cre+ neurons in DMS.
Optic fiber placement was qualified by examining tracts in 100-pm-thick
brain slices under a macro fluorescence microscope (Olympus MVX10).
Only mice with 1) signal detection and 2) fiber placement within DMS
were included for analyses.

Chronic intermittent ethanol exposure and repeated withdrawal procedure

At least one week post surgical procedures, mice were exposed to
ethanol vapor or air and repeated withdrawal procedures [4,5,23,33,
44]. All mice underwent four rounds, with each round consisting of 16
hr of vapor exposure followed by an 8 hr withdrawal, repeated for four
consecutive days followed by 3 days of no vapor exposure. 190 proof
ethanol (Koptec, Pennsylvania) was volatilized by bubbling air through
a flask containing 95% ethanol at a rate of 2-3 L/min. The resulting
ethanol vapor was combined with a separate air stream to give a total
flow rate of approximately 10 L/min, which was delivered to the mice in
their home cages in Plexiglas chambers (Plas Labs Inc). Blood ethanol
concentrations (BEC) were collected at the end of each round from
sentinel mice (mean BEC across the four rounds of vapor = 36.7 + 3.7
mM). No pyrazole or loading ethanol injections were given prior to
placement in vapor chambers [44].

Behavioral training procedures

To avoid effects of acute withdrawal [24], food restriction began
three days after the last day of vapor procedures, to reduce body weight
to ~85-90% of baseline, with this restriction maintained throughout
training and testing. Behavioral training procedures began five days post
last vapor procedure. Mice were placed in sound attenuating operant
boxes (Med-Associates) and were trained to press a single lever (left or
right) for a food reinforcer (Purified Food Pellet, 20 mg, BioServ
#F0071) delivered in a food receptacle. Under a Random Time (RT)
schedule, mice were first trained to make a head entry to retrieve the
outcome, which was delivered on average every 60 s (RT60) in the
absence of levers. Next, mice were trained on a continuous reinforce-
ment schedule (CRF) in which each lever press produced a single
outcome. The maximum number of outcomes they could potentially
earn across three daily CRF sessions were 5, 15, and 30 outcomes,
respectively. Following CRF training, mice were then trained under a
random ratio (RR) schedule of reinforcement that biases goal-directed
control in mice [25,45]. Mice received two days of training in RR10
(on average the 10th lever press produces the outcome), followed by 4-5
days under RR20. A subset of mice (A2a Cre+ n = 6, D1 Cre+ n =5, PV
Cre+ n = 10) stayed at RR10 training for the entire duration of RR
training due to overall low levels of lever pressing. Sessions ended after
30 outcomes were earned or after 60 min had elapsed.

Fiber photometry procedures and analyses
Bifurcated optic fibers (400 uM, Thorlabs) (to allow simultaneous

recording of two mice) were attached for the last 4-6 days of instru-
mental training, beginning on the first or second day of random ratio
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training. A blue LED (470 nm, Thorlabs) was used for excitation of
dorsal striatum. Regions of interest for each optic fiber were selected by
Bonsai software [32] and fluorescence emissions were focused through a
10 x objective (Olympus) onto a CMOS camera (FLIR Systems). Fluo-
rescence intensity and analog signals for lever press, head entries, and
outcome delivery were acquired simultaneously, thresholded, and
timestamped for later analyses using Bonsai software. After each session,
Bonsai software saved photometry signals and behavioral timestamps
within comma-separated value files (.csv) that were then imported into
Matlab (Mathworks Inc., Natick, MA) for subsequent analysis using
custom scripts. Raw fluorescence intensity signals underwent running
median (5th order) and low pass (high cutoff frequency of 1 Hz) filtering
to reduce noise and electrical artifacts. To correct for photobleaching in
which a signal captured from fluorophores degrades by continuous light
exposure during the session, we high pass filtered the signal with a low
cutoff frequency of 0.001 Hz. We then performed a quality check on the
filtered fluorescence intensity signal for low expression and fiber
decoupling. Briefly, sessions that did not exceed a 15 second moving
window calculation of the signal’s 97.5 percentile by a minimum 1%
fluorescence change [39] or did not pass a visual inspection for
within-session fiber-ferrule decoupling artifacts were excluded from
further analyses.

Statistical analyses

All analyses were two-tailed and statistical significance was defined
as an a of p < 0.05. Statistical analysis was performed using GraphPad
Prism 8.3.0 (GraphPad Software). Behavioral training data, including
lever presses, response rate, and rewards earned were analyzed using
two-way repeated measures ANOVAs with Treatment Group (Air vs.
CIE) and Day as factors.

For each trace of fiber photometry data, peri-event changes in
fluorescence intensity were calculated via z-score normalization of each
corresponding behavioral epoch (i.e. —2 s to 5 s around the lever press at
time 0) to a preceding baseline period (ie: for lever press from —5 to —2
prior to lever press). For behavioral epochs, we included analyses
centered around each lever press, the first lever press of a bout of lever
pressing [45], as well as the first head entry made following reward
delivery. The latter includes a reward-related period that may include
perception, consumption, and evaluation. We then analyzed this data
two ways. First, z-scored fluorescence traces were combined across all
mice within a group to preserve the variance seen within a subject.
Comparisons between Air and CIE mice were made running permutation
tests (1000 shuffles) that required at least 5 consecutive samples to be
different from one another [39]. Second, we analyzed the data per an-
imal in a single session to account for the potential differences between
subjects. Comparisons between Air and CIE mice were made using
permutation testing [28]. Population Ca%* activity traces were then
smoothed with MATLAB’s Savitzky—Golay smoothdata method using a
20 sample sliding window for visual display purposes only.

Results
Chronic ethanol effects on direct pathway calcium activity during actions

Post surgical and vapor procedures (Fig. 1A-C), Air (finaln =6,5M
1F) and CIE (final n = 9, 7 M 2F) mice expressing GCaMP6s in the direct
pathway similarly acquired lever-press related behaviors. Two-way
ANOVAs performed on lever press (Fig. 1D), lever press rate (Fig. 1E),
and rewards earned (Fig. 1F) all showed a main effect of Day (Fs’ > 6.23,
ps’ < 0.01), but no main effect of Treatment Group nor interaction. Thus,
as previously reported, prior chronic alcohol exposure did not lead to
gross alterations in acquisition of lever-press related behaviors.

We next examined calcium activity of direct pathway populations
(Fig. 1G-L). While direct pathway SPNs showed modulation around
lever-press related behaviors, we found largely increased calcium
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activity modulation in CIE mice compared to Air mice. Permutation
testing revealed significantly greater calcium modulation from baseline
modulation around a lever press (Fig. 1G) (Air trial n = 9288, CIE trial n
= 8179) (ps’ < 0.05). However, grouping lever presses by bout and
examining calcium activity centered around the first lever press in a
bout showed a reduced increase in calcium modulation in CIE mice
compared to Air mice prior to the onset of a lever press bout (Fig. 1H)
(Air trial n = 921, CIE trial n = 882) (ps’ < 0.05). Increased calcium
activity modulation was also present during the first head entry
following reward delivery, with permutation testing showing a large
significant difference in calcium activity recruited between Air and CIE
mice during this reward-related epoch (Fig. 1I) (Air trial n = 711, CIE
trial n = 727) (ps’ < 0.05). This pattern of findings was also seen when
we analyzed activity using per mouse averages, except there were no
differences at the onset of a lever-press bout (Fig.J-L). Thus, prior CIE
exposure largely led to a long-lasting increase in lever-press-related
calcium activity modulation in the direct pathway during decision-
making.

Chronic ethanol effects on indirect pathway calcium activity during actions

Air (final n =4, 1 M 3F) and CIE (final n = 6, 2 M 4F) mice expressing
GCaMP6s targeted to the indirect pathway (Fig. 2A-C) also acquired
lever press behavior to similar degrees. Once again, there was only a
main effect of Day across when examining lever presses (Fig. 2D), lever
press rate (Fig. 2E), and rewards earned (Fig. 2F) (Fs’ > 6.61, ps’ <
0.05), with no main effects of Treatment Group or interaction.

Unlike calcium activity in the direct pathway, calcium activity
modulation in the indirect pathway was largely reduced in CIE mice
when compared to Air mice. While indirect pathway calcium activity
increased prior to lever pressing, permutation testing showed that in-
direct pathway calcium activity modulation was largely reduced in CIE
compared to Air mice around a lever press (Fig. 2G) (Air trial n = 3802,
CIE trial n = 4543) as well as at the onset of a lever press bout (Fig. 2H)
(Air trial n = 396, CIE trial n = 551), (ps’ < 0.05). While of a lesser
magnitude, reward-related indirect pathway calcium activity modula-
tion was overall slightly greater in Air compared to CIE mice (Fig. 2I)
(Air trial n = 283, CIE trial n = 347) (ps’ < 0.05). A similar pattern was
seen when data was analyzed using session averages per mouse, except
no significant difference in modulation were observed during the first
head entry after reward (Fig.J-L). Thus, prior chronic alcohol exposure
largely decreased calcium activity in the indirect pathway population.

Chronic ethanol effects on striatal interneuron calcium activity during
actions

We also examined whether chronic alcohol altered calcium activity
modulation in a population of striatal interneurons, the fast-spiking PV
interneurons (Fig. 3A-C). Once again, acquisition behavior was similar
between Air (final n = 5, 2F 3 M) and CIE (final n = 7, 3F 4 M) exposed
mice. Across lever press rate (Fig. 3E) and rewards earned (Fig. 3F),
there was a main effect of Day (Fs” > 2.65, ps” < 0.05), but no effect of
Treatment Group or interaction and no differences in lever presses made
(Fig. 3D).

Calcium activity of PV Cre+ interneurons showed reduced modula-
tion in CIE compared to AIR mice during lever pressing (Fig. 3G) (Air
trial n = 3446, CIE trial n = 7024), and at the onset of lever press bouts
(Fig. 3H) (Air trial n = 426, CIE trial n = 700). However, compared to Air
mice, CIE mice showed increased calcium activity modulation of PV
Cre+ interneurons during reward-related epochs (Fig. 3I) (Air trial n =
356, CIE trial n = 616) (ps’ <0.05). Analyses on session averages per
mouse also found the same pattern of calcium modulation (Fig. J-L).
This suggests that prior chronic alcohol exposure led to reduced action-
related recruitment of calcium activity in PV interneurons, but increased
calcium modulation during reward-related epochs in DMS during action
control.



E.T. Baltz et al. Addiction Neuroscience xxx (Xxxx) xXxx

A

| surgery— CIE H CIE H CIE H CIE H Lever Press (RR) Training |

B Cc

AAV DIO
GCaMP6s
L)
D1 Cre+ mice or )
C57BI/6J mice with AAV Cre GCaMP6s expression
injected into SNr fiber implant in DMS
D E F
5007 -@ Air 154 40
c
© CIE S o
3 = 2 304
7 & 101 ©
g ] o
Q- 2504 o L 20+
9 o ©
> « 5
3 2 S 10-
[} x
—
0 1 1 1 1 1 1 O 1 1 1 1 1 1 0 1 1 1 1 1 1
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
Days of Training Days of Training Days of Training

All event trials
G H |

0.8} ====C|E

AF/F (Z-scored)
o
S

2 0 2 4 2 0 2 4 2 0 2 4
Lever Press (s) Lever Press Bout (s) First Head Entry after Reward (s)

Session average per mouse
J K L

e == CIE
3 1.0 15
]
3
N 1.0 ,J\
L
é 0.5 -
05 0.0k -2
-2 0 2 4 -2 0 2 4 -2 0 2 4
Lever Press (s) Lever Press Bout (s) First Head Entry after Reward (s)

Fig. 1. Chronic alcohol increases calcium activity of the direct pathway. A. Schematic of experimental timeline. B. Surgical targeting of GCaMP6s to the direct
pathway and implantation of optic fiber, and C. example of optic fiber placement within DMS in animal perfused with 10 mM CacCl, to show GCaMP6s expression.
Lever presses (D), Lever press rate (E), and rewards earned (F) during training. For D-F, plotted are means and error bars representing + SEM. Average (SEM) calcium
activity traces by trial from Air and CIE mice in relation to lever pressing (G), onset of lever press bouts (H), and first head entry following reward delivery (I).
Average (SEM) calcium activity traces by per mouse session averages during lever presses (J), onset of lever press bouts (K), and first head entry following reward
delivery (L). Differences between Treatment groups was evaluated using permutation testing, with dashed line indicating p < 0.05.
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delivery (L). Differences between Treatment groups was evaluated using permutation testing, with dashed line indicating p < 0.05.
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Discussion

Here we show that prior chronic alcohol exposure leads to a long-
lasting imbalance in the activity of DMS populations during action-
related behaviors. This imbalance was reflected in increased modula-
tion of calcium activity in direct pathway SPNs, while largely decreased
calcium activity modulation was observed in indirect pathway SPNs as
well as in PV DMS interneurons. Such changes are in line with prior
findings suggesting that chronic alcohol results in potentiated recruit-
ment of direct pathway SPNs and increased inhibition of indirect
pathway neurons [7]. Here, we show for the first time that such
chronic-alcohol induced changes are reflected in the endogenous cal-
cium activity of DMS pathways during action-related behaviors. These
findings provide evidence that chronic alcohol induces an imbalance in
DMS activity, and such an imbalance may lead to less functional control
by DMS over behavior.

While intact DMS function has been widely implicated as necessary
for goal-directed control ([2,22,52]), the proper balance of activity be-
tween direct and indirect pathways has recently been more appreciated
[30]. Indeed, both direct and indirect pathways are engaged during
lever pressing [10] and can support optogenetic-intracranial self--
stimulation [49]. Effective control of behavior by DMS is thought to
engage cortical and thalamic recruitment of balanced activity of direct
and indirect pathways [30]. Recent examples show that chronic
alcohol-induced changes in strength of select cortical inputs can lead to
loss of goal-directed control [44,45]. Interestingly, this was a reduction
of orbitofrontal cortex transmission onto the direct, but not indirect,
pathway in DMS [44,45]. Thus, one interpretation has been reduced
cortical drive (albeit from one area) into DMS leads to a loss of DMS
recruitment and goal-directed control.

However, other works examining other prefrontal cortex projections
have shown potentiated inputs onto D1 SPNs of the direct pathway in
DMS [37], as well as decreased thalamic input to striatum [38]. In the
present findings, we saw increased calcium activity modulation in D1
SPNs, but decreased modulation in D2 SPNs and a local interneuron
population. Intriguingly, we also saw reduced modulation of PV in-
terneurons in the DMS. Recent work ablated this population in the dorsal
lateral striatum and found reduced organized ethanol consumption with
ethanol consumption showing increased sensitivity to the addition of
quinine [42]. As interneurons can provide a strong clamp on SPN firing
and are recruited in part through cortical input [16,40], our data suggest
less modulation of PV interneurons may reflect less engagement of this
population to shape SPN activity patterns during actions. These findings
along with prior works showing alcohol-induced changes to SPNs
themselves suggests that at minimum, dysfunctional or a loss of DMS
control over behavior could result from a gain or loss in strength of
specific cortical or thalamic inputs conveying relevant information,
and/or through functional changes in the DMS neurons themselves.
Further work examining how chronic alcohol disrupts the ability of
converging inputs to recruit appropriate DMS activity is clearly
warranted.

Care should be taken in interpreting the present results as bulk
population calcium in striatal SPNs is likely not reflective of action po-
tential firing [31]. Given the extent of SPN arborization, the bulk signals
collected in the present data likely reflect a combination of threshold
and subthreshold calcium activity in the soma, dendritic arbors, and
axon collaterals within striatum. We did not examine sensitivity to
outcome devaluation in the present studies and therefore cannot say
whether the current subjects were more reliant on habitual or
goal-directed control, although prior works have shown chronic
alcohol-exposure disrupts goal-directed control for non-alcohol reward
[6,8,44,46]. However, our data do suggest that chronic alcohol resulted
in altered calcium modulation in identified SPN populations during
action performance. As prior findings showed DMS inactivation was
ineffective at altering behavioral control following chronic alcohol [8],
our data suggest that alteration to activity of DMS populations may
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underlie deficits in using DMS for behavioral control. We further hy-
pothesize that this imbalance in recruitment likely contributes to the
reduced contribution of DMS to goal-directed control following chronic
alcohol.
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