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Neurobiology of Disease

Decreasing Striatopallidal Pathway Function Enhances
Motivation by Energizing the Initiation of Goal-Directed
Action

Fernanda Carvalho Poyraz,' “Eva Holzner,> “Matthew R. Bailey,' Jozsef Meszaros,' Lindsay Kenney,'
Mazen A. Kheirbek,'* “Peter D. Balsam,"->* and Christoph Kellendonk'-2*
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Altered dopamine D2 receptor (D2R) binding in the striatum has been associated with abnormal motivation in neuropsychiatric disor-
ders, including schizophrenia. Here, we tested whether motivational deficits observed in mice with upregulated D2Rs (D2R-OE,,, mice)
are reversed by decreasing function of the striatopallidal “no-go” pathway. To this end, we expressed the G ;-coupled designer receptor
hM4D in adult striatopallidal neurons and activated the receptor with clozapine-N-oxide (CNO). Using a head-mounted miniature
microscope we confirmed with calcium imaging in awake mice that hM4D activation by CNO inhibits striatopallidal function measured
as disinhibited downstream activity in the globus pallidus. Mice were then tested in three operant tasks that address motivated behavior,
the progressive ratio task, the progressive hold-down task, and outcome devaluation. Decreasing striatopallidal function in the dorso-
medial striatum or nucleus accumbens core enhanced motivation in D2R-OE,, mice and control littermates. This effect was due to
increased response initiation but came at the cost of goal-directed efficiency. Moreover, response vigor and the sensitivity to changes in
reward value were not altered. Chronic activation of hM4D by administering CNO for 2 weeks in drinking water did not affect motivation
due to a tolerance effect. However, the acute effect of CNO on motivation was reinstated after discontinuing chronic treatment for 48 h.
Used as a therapeutic approach, striatopallidal inhibition should consider the risk of impairing goal-directed efficiency and behavioral
desensitization.

Key words: calcium imaging; DREADD; indirect pathway; motivation; striatum

(s )

Motivation involves a directional component that allows subjects to efficiently select the behavior that will lead to an optimal
outcome and an activational component that initiates and maintains the vigor and persistence of actions. Striatal output pathways
modulate motivated behavior, but it remains unknown how these pathways regulate specific components of motivation. Here, we
found that the indirect pathway controls response initiation without affecting response vigor or the sensitivity to changes in the
reward outcome. A specific enhancement in the activational component of motivation, however, can come at the cost of goal-
directed efficiency when a sustained response is required to obtain the goal. These data should inform treatment strategies for
brain disorders with impaired motivation such as schizophrenia and Parkinson’s disease. j

ignificance Statement

to efficiently select a behavior leading to optimal outcome, and an
“activational” component that initiates and maintains the vigor
and persistence of actions (Salamone, 1988; Simpson and Bal-
sam, 2015). Different striatal subregions have been implicated in
motivation, including the dorsomedial striatum (DMS) (Yin et

Introduction
Motivation can be defined as the activation of goal-directed be-
havior. It involves a “directional” component, allowing subjects
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al., 2005a, b; Shiflett et al., 2010; Tai et al., 2012) and nucleus
accumbens core (NAc) (Corbit et al., 2001; Nowend et al., 2001;
Lex and Hauber, 2010; Mai et al., 2012). However, it remains
unclear whether the activational and directional components of
motivation can be dissociated (Bailey et al., 2015) and what the
relative contributions of DMS and NAc are in regulating these
components.

The striatum is the input nucleus of the basal ganglia (BG),
which projects to BG output nuclei via two parallel pathways. The
indirect pathway is formed by striatopallidal neurons that pre-
dominantly express dopamine D2 receptors (D2Rs). It projects
from the dorsal striatum to the external segment of the globus
pallidus (GPe) or from the NA to the ventral pallidum (VP). The
latter pallidal structures further connect to BG output nuclei, the
internal segment of the globus pallidus (GPi) and substantia
nigra (SNr) (Gerfen and Surmeier, 2011). In contrast, the direct
pathway is formed by striatonigral neurons that express dopa-
mine D1 receptors (D1Rs) and project monosynaptically to BG
output nuclei. However, this anatomical segregation is not com-
plete because neurons expressing D1Rs also innervate the “indi-
rect” pallidum (Fujiyama et al., 2011; Cazorla et al.,, 2014;
Kupchik et al., 2015). Direct and indirect pathways are often
described as “go” and “no-go” pathways because the former dis-
inhibits, whereas the latter inhibits thalamocortical activity (Al-
bin et al., 1989).

D2Rs are G,;_coupled receptors that largely inhibit neuronal
function. In humans, dopaminergic function and D2R binding
have been linked to motivation in healthy individuals (Tomer et
al., 2008) and individuals with neuropsychiatric disorders, in-
cluding drug addiction (Volkow et al., 2002) and Parkinson’s
disease (Pedersen et al., 2009; Thobois et al., 2010). Decreased
motivation is a negative symptom of schizophrenia, and brain
imaging studies have shown increased availability of D2Rs in the
striatum of drug-naive patients with schizophrenia (Laruelle,
1998; Abi-Dargham et al., 2000; Howes and Kapur, 2009).

Using a mouse model of selective D2R hyperfunction (D2R-
OE,., mice), we previously showed that striatal D2R upregula-
tion starting in late embryonic development results in deficits in
incentive motivation, replicating the negative symptoms of
schizophrenia (Drew et al., 2007; Ward et al., 2009). Moreover,
D2R upregulation increases excitability of striatal projections
neurons by downregulating inward-rectifier potassium channels
(K, channels) (Cazorla et al., 2012, 2014). We therefore tested
whether the motivation deficit of D2R-OE,,, mice could be res-
cued by decreasing indirect-pathway function to offset increased
excitability of striatal projection neurons in these animals.

To this end, we used the designer G,-coupled receptor
hM4D, which previously had been used to decrease indirect-
pathway function (Ferguson et al., 2011). Using in vivo calcium
imaging, we verified that acutely activating G ;-coupled signaling
in striatopallidal neurons disinhibits GPe activity. At the behav-
ioral level, inhibiting striatopallidal neurons in the DMS and NAc
enhanced motivation in D2R-OE,,, and control littermates by
modulating initiation of the goal-directed action. However, en-
hanced performance on a task that requires rapid repetition of a
brief action came at the cost of goal-directed efficiency in a task
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that requires an action of extended duration. Despite the effects
on initiation of goal-directed action, response vigor and sensitiv-
ity to changes in reward value were not affected.

Because disorders associated with impaired motivation are
often chronic conditions, we also investigated the behavioral ef-
fects of chronically decreasing indirect-pathway function. Sur-
prisingly, chronic hM4D activation did not affect motivation due
to a tolerance effect that was reversed 48 h after drug discontin-
uation. These findings have important implications for drug
therapies to enhance motivation by targeting GPCRs and BG
circuitry.

Materials and Methods

Experimental subjects

All animal protocols used in the present study were approved by the
Institutional Animal Care and Use Committees of Columbia University
and New York State Psychiatric Institute. The generation of D2R-OE,.,
mice has been described previously (Kellendonk et al., 2006). TetO-D2R
mice have been backcrossed for over 20 generations onto the C57BL/6]
background, and CaMKIIa-tTA mice backcrossed onto the 129SveVTac
background. To generate D2R-OE,,, mice, tetO-D2R/C57BL/6 mice
were crossed to CaMKIIa-tTA/129SveVTac mice. Double transgenic
mice express the transgenic D2R, and these animals were crossed to
Drd2-Cre (ER44Gsat/Mmcd; GENSAT) mice backcrossed to C57BL/6]
to obtain the transgenic D2R-OE,,,/Drd2-Cre mice. For experiments
that included D2R-OE,,, animals, controls were littermates of D2R-
OE.,/Drd2-Cre mice that were positive for the Cre transgene but nega-
tive for the TetO or tTa transgenes. For experiments that did not include
D2R-OE,,., mice, animals were Drd2-Cre backcrossed onto the
C57BL/6] background. Both male and female adult mice at least 8 weeks
old were used in this study. Mice were housed (up to 5 animals per cage)
under a 12:12 h light/dark cycle in a temperature-controlled environ-
ment, and all behavioral testing was done during the light cycle. Food and
water were available ad libitum, except for experiments that required
restriction. Animals were food-deprived when being trained or tested in
operant behavioral tasks and maintained at 85% of their baseline weight.
For chronic CNO treatment, mice had ad libitum access to CNO-treated
water (0.25 mg/ml) instead of regular drinking water. Animals were
water-restricted for 16 h before experiments that involved acute oral
CNO treatment.

Stereotactic viral injections and lens implantation
For all viral injection surgeries that did not involve lens implantation for
calcium imaging, mice were anesthetized with a mixture of ketamine and
xylazine (100 mg/kg and 10 mg/kg), injected intraperitoneally, and
placed into a stereotaxic apparatus. For viral injection surgeries involving
lens implantation for calcium imaging, mice were anesthetized by inha-
lation with isoflurane (3.0% for induction, 1.0% for maintenance) mixed
with oxygen (1 L/min). For all surgeries, body temperature was main-
tained at 37°C with a heating pad. Surgical incision to expose the cranium
was made, and small cranial windows (<0.5 mm) were drilled at the
appropriate sites. The AAV5/hSyn-DIO-hM4D-mCherry virus (Univer-
sity of North Carolina) was used for Cre-dependent expression of the
hM4D receptor at a titer of 10'? particles/ml. It was delivered at an
average rate of 100 nl/min using glass pipettes (tip diameter 10—15 wm).
All stereotactic coordinates were measured relative to bregma. A total of
0.4—0.5 ulvolume was delivered into each site for all injections. Two sites
of injection were used for bilaterally targeting the DMS to allow diffusion
of the virus to the entire region (site A: anteroposterior: 1.3 mm, medio-
lateral: =1.4 mm, dorsoventral: —3.3; site B: anteroposterior 0.9 mm,
mediolateral 2.0 mm, dorsoventral —3.4 mm). The NAc was targeted
bilaterally with one set of coordinates (anteroposterior: 1.7 mm, medio-
lateral: £1.2 mm, dorsoventral: 4.0 mm). For all animals, except those
used for calcium imaging, the skin incision was closed using tissue adhe-
sive after viral injection, and animals were allowed to recover for 4 weeks
before behavior experiments were initiated.

In mice used for calcium imaging of the GPe, after the AAV5/hSyn-
DIO-hM4D-mCherry virus was injected into the DMS as described
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above, a 2 mm cranial window was drilled over the intended lens implan-
tation site on the right hemisphere, followed by removal of the dura and
aspiration of portions around the edges of the craniotomy. The AAV1/
hSyn-GCaMPé6f (University of Pennsylvania Vector Core) virus was then
injected into the GPe in discrete pulses, covering a 0.3 mm distance in the
dorsoventral axis (anteroposterior 0.0 mm, mediolateral: 1.8 mm, dor-
soventral: —3.9 to —4.1 mm). A gradient index lens, measuring 0.5 mm
in diameter and ~8.4 mm in length (Inscopix), was lowered into the
same site used for viral injection into the GPe with alternate retractions of
0.5 mm for every 1 mm ventral increment to allow penetrated tissue to
properly settle around the lens. After implantation, the portion of the
lens extending above the skull was fixed in place using dental cement and
anchored by 3 screws attached to different plates on the skull. The lens
was covered with a silicone elastomer to protect the imaging surface from
external damage, and mice were allowed to recover from surgery. The
silicone elastomer was removed 4 weeks after surgery for attachment of a
baseplate (Inscopix) to support the miniature microscope (Inscopix) on
each animal’s head. For this procedure, mice were once again anesthe-
tized with isoflurane. The silicone mold was removed, and the miniature
microscope with a baseplate attached and the 473 nm LED turned on was
positioned above the implanted lens and lowered with a micromanipu-
lator until fluorescence could be detected. Once the microscope was
positioned for imaging at an adequate focal plane, the magnetic baseplate
was cemented around the lens adjoined to the dental cement previously
placed at the time of initial surgery. The microscope was subsequently
detached, and a magnetic cover plate (Inscopix) was secured onto the
baseplate with a screw set to protect the lens until imaging.

Drug treatments

CNO was provided by the National Institutes of Health as part of the
National Institutes of Mental Health Chemical Synthesis and Drug Sup-
ply Program. For behavioral experiments, CNO was freshly dissolved in
sterile PBS on the day of treatment. For acute treatment, the drug was
prepared at 0.2 mg/ml and delivered at 2 mg/kg dose (i.p.) 30 min before
abehavioral task, unless otherwise indicated. Saline injections for control
conditions consisted of 10 ml/kg sterile PBS. Animals were kept in their
home cages after injection with drug or saline before behavioral testing.
For chronic treatment, CNO was dissolved in animals’ regular drinking
water at a concentration of 0.25 mg/ml. Animals treated with CNO
chronically had this CNO solution as their only source of drinking water
ad libitum for at least 2 weeks. Except where otherwise indicated, CNO
solution in the drinking water was freshly prepared on the day before
start of chronic treatment, and freshly prepared solution was replenished
as needed every 2—4 d for the duration of chronic treatment. Vehicle
chronic treatment consisted of regular mouse drinking water. For acute
oral CNO administration, animals were allowed to freely consume CNO
solution in drinking water at 0.25 mg/ml for 1 h before behavioral testing.
Crossover designs for drug treatment were used for testing in all behav-
ioral assays, unless otherwise indicated, with animals receiving CNO or
saline/vehicle on alternate days of testing, counterbalancing for geno-
type, virally targeted brain region, sex, cage, and behavior testing
chamber.

In vivo calcium imaging

For calcium imaging experiments, cellular activity and locomotor activ-
ity were simultaneously measured while animals moved freely in an open
field. Before each imaging session, the miniature microscope was con-
nected to the magnetic baseplate attached to each animal’s cranium and
fixed in place by the baseplate screw set while the mouse was briefly
anesthetized with isoflurane. Each animal was placed back into its home
cage for 20 min to recover from anesthesia before drug injection and
imaging. During imaging sessions, mice were placed in acrylic activity
chambers (42 cm long X 42 cm wide X 38 cm high) <1 min before
optical recording with the miniature microscope was initiated. The Etho-
vision XT system (Noldus) was used to trigger both start and end of
recording sessions using a TTL pulse converter. This software was also
used to track each animal’s locomotor activity using a video camera
placed over the open field area. On a single day of testing, an animal was
subjected to two imaging session starting 30 min after acute treatment
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with saline or CNO. Drug treatments for paired session in one day con-
sisted of either two sessions after saline treatment or one session after
treatment with saline followed by a session after treatment with CNO.
During each imaging session, calcium activity was recorded over a total
of 5 min.

Calcium imaging data processing and statistical analysis

Calcium imaging recordings were acquired at 20 frames per second, and
independent cellular units were identified and processed using Mosaic
software (Inscopix). Briefly, videos were spatially and temporally binned
by a factor of 4, motion corrected, and independent cellular units were
identified. First, movies were spatially down-sampled by a factor of 4. To
correct for brain movement, all frames in movie sequences acquired
from the same mouse at the same focal plane were registered to one single
frame and concatenated in time. To normalize fluorescence signals to the
average fluorescence of the entire frame, we used the mean z-projection
image of the entire movie as reference (F) to generate a movie represent-
ing percentage-change-over-baseline (AF/F). Calcium transients from
individual cells were isolated and identified with an automated cell-
sorting algorithm that uses independent and principal component anal-
yses of each AF/F movie. The independent components identified by the
algorithms were visually inspected for spatial configuration, and tempo-
ral properties of calcium traces and those that appeared like calcium
transients from individual cell bodies were used for further analysis.
Histograms for the average calcium activity of all cells imaged from one
mouse at the same focal plane were generated for different drug condi-
tions: after treatment with either saline or CNO or after two treatments
with saline. Student’s t tests for paired data were used to compare calcium
activity between drug conditions. In addition, calcium transients from
individual cells imaged over 5 min during different drug conditions were
separated into 12 s time bins. For individual cell analysis, average calcium
activity in 12 s bins measured for each individual cell at the same focal
plane, after treatment first with saline and then with CNO or after two
treatments with saline, were also compared using Student’s ¢ tests for
paired data. Cells that displayed a significant increase or decrease in
activity in between sessions were identified, and the proportions of cells
that became significantly more active or less active were compared using
a x? test to determine whether these proportions were different from
what would be expected by chance.

Behavioral assays: operant training and progressive ratio task

All mice that underwent testing in the progressive ratio task started initial
lever press training at least 2 weeks after viral injection surgery, and
testing in the progressive ratio task occurred at least 4 weeks after surgery.
Training and testing were done in experimental chambers equipped with
liquid dippers, retractable levers, a head entry detector in the food mag-
azine, a house light, and an exhaust fan. Unless otherwise indicated, for
every session, the dipper was submerged into a tray containing evapo-
rated milk so that raising the dipper provided a reward of one 0.01 ml
drop of evaporated milk into the feeder trough.

Dipper training. For the first phase of training, animals learned to
retrieve the milk reward from the feeder trough. Mice were placed inside
the chambers with the dipper in the raised position, providing access to a
drop of evaporated milk. The dipper was retracted 10 s after the first head
entry into the feeder trough. A variable intertrial interval between 1 and
108 s ensued, followed by a new trial identical to the first. The session
ended after 30 min or 20 dipper presentations. On the following day,
mice underwent another session similar to the first, except that the dip-
per retraction was response-independent. During each trial, the dipper
was raised for 8 s and then lowered independently of whether mice had
made a head entry. The session ended after 30 min or 20 dipper presen-
tations. All mice underwent dipper training for 2 d before moving on to
Pavlovian training.

Pavlovian (auto-shaping) training. During the 1 h Pavlovian training
session, the lever was extended into the chamber for 6 s and immediately
followed by a 5 s dipper presentation to allow mice to associate the lever
extension with the milk reward. Each pairing was separated by a variable
intertrial interval averaging 60 s, and dipper presentation always oc-
curred at the termination of lever presentation, independent of whether
or not a lever press occurred.
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Continuous reinforcement training. In the subsequent phase of train-
ing, mice were required to press a lever to earn the reward. At the begin-
ning of the session, the lever was extended into the chamber, and every
lever press was reinforced. In this and all subsequent sessions, the reward
consisted of raising the dipper with a drop of evaporated milk in it for 5 s.
The lever was retracted after every two times the mouse earned a reward
and then was reextended after a variable intertrial interval, averaging 30 s.
The session ended when the mouse earned 60 reinforcements or 1 h
elapsed. Mice continued to undergo daily continuous reinforcement ses-
sions until they earned 60 rewards in two consecutive sessions. When all
mice reached criterion, they were moved to random interval (RI)
schedules.

RI training. In RI schedule training, the lever remained extended
throughout the session, but lever presses were not reinforced until after a
random interval had elapsed. The average time between one reinforcer
and the time at which the next one can be earned is defined by the RI
schedule. All mice began on the RI 3 s schedule, meaning that alever press
was reinforced only after 3 s on average elapsed from the start of a session
or from the time of the last reward. When a mouse earned at least 40
rewards in one session, the RI schedule was increased. The RI schedules
used were 3, 10, 15, and 20 s. When all mice reached the criterion of 40
rewards in one session on the RI 20 s schedule, they began experimental
testing on a progressive ratio schedule. Mice continued to undergo RI
20 s sessions for 1-2 d in between each progressive ratio session to pre-
vent lever pressing behavior from being extinguished after not earning
many rewards in progressive ratio sessions.

Progressive ratio task. The progressive ratio task directly assays operant
motivation by quantifying the amount of effort a subject is willing to
expend to earn a reward. The program was designed so that the first
reward was earned after two presses and the number of presses required
to obtain each successive reward increased geometrically by doubling
after each reward. Each session could last up to 2 h but ended early if the
mouse did not press the lever for 3 min. Motivation was measured by
recording the number of rewards earned during a session, the total num-
ber of lever presses made in a session, the breakpoint, or ratio require-
ment at which animals stopped responding in a session, as well as the
session duration, or how long a subject continued to respond before
giving up in a session.

Progressive hold-down task

Following the progressive ratio, all mice were tested in the progressive
hold-down task (Bailey et al., 2015) in which rewards could be earned by
continuously holding the lever in a depressed position for a criterion
duration. Specific training for the progressive hold-down test consisted
of variable interval hold-down (VIH) schedules. Each VIH session in-
volved up to 40 trials. At the beginning of each trial, the required hold
duration was drawn randomly from a distribution with a mean specified
by the session. Each session ended when a mouse successfully com-
pleted 40 trials or when 1 h elapsed. This hold requirement remained in
place until the subject was reinforced for completing the trial. During the
first session, the distribution of required hold durations had a mean of
0.5 s (VIH 0.5 s). When all mice in the cohort earned 40 rewards in one
session, they were moved to the subsequent VIH schedule, following the
sequence VIH 0.5, 1, 2, 4, 6, 8, and 10 s. Animals were only tested in the
progressive hold-down test after all subjects in the cohort were able to
complete all 40 trials in VIH 10 s schedule. For the progressive hold-
down task, the first required hold duration was fixed at 3 s, and the
requirement for subsequent hold durations was increased sequentially by
a factor of 1.4. The sessions could last up to 2 h but ended early if the
mouse did not press the lever for 10 min. Motivation was assayed by
measuring the number of lever presses made, how long subjects contin-
ued to respond in a session, and the number of rewards earned in a
session.

Outcome devaluation

In this task, mice were tested for their sensitivity to alterations in reward
value. For example, a manipulation that facilitates habit formation or it
makes animals less sensitive to within-session changes of reward value by
satiation ought to be reflected in a diminished impact of explicitly deval-
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uing the reinforcer. The milk reward was devalued by allowing mice to
have unlimited access to milk for 30 min before operant testing. As a
control, on different days, mice were given unlimited access to standard
mouse chow for 1 h before testing. Mice were acutely treated with either
CNO or saline 1 h after the start of prefeeding. Thirty minutes after the
drug administration, mice were placed in an operant chamber with an
extended lever for 15 min, but lever presses were not reinforced through-
out the session. Testing occurred on 4 different days in a randomized
design so that each mouse received each experimental manipulation once
(prefeeding with milk or chow and drug treatment with either CNO or
saline). The number of lever presses made in each session was measured
for assessment of outcome devaluation. Because this nonreinforced test
extinguished pressing behavior, mice were trained in random ratio ses-
sions for 2-3 d in between devaluation testing days to maintain high rates
of lever pressing. In a random ratio schedule, there is a constant proba-
bility of reinforcement for each lever press. The specific schedule used,
random ratio 20, required the animal to press the lever on average 20
times before receiving a reward.

Open field

For open-field experiments that did not involve calcium imaging (de-
scribed above), exploration and reactivity to an open field was assayed in
acrylic activity chambers (42 cm long X 42 cm wide X 38 cm high)
equipped with infrared photobeams for motion detection (Kinder Sci-
entific). Mice were placed in the open field, and activity was automati-
cally recorded for a specified amount of time (90 or 120 min). For
experiments involving acute drug administration, the open-field system
was programmed to pause recording 30 min after the start, at which point
mice were administered CNO or saline and placed back in the open field.
Recording of locomotor activity resumed immediately after acute drug
injections. For open-field experiments involving acute oral administra-
tion of CNO (data not shown), animals were water-deprived and allowed
to freely consume CNO-treated or untreated water for 1 h immediately
before being placed in the open field. Each animal was subjected to three
total sessions, including control sessions, on different days. In one ses-
sion, animals were given untreated water before testing; in another ses-
sion, animals were given freshly prepared CNO-treated water before
testing. In yet another session, animals were given CNO-treated water
that had been prepared 1 month prior and stored at room temperature (1
mo old CNO works as well as freshly prepared CNO; data not shown).

Histology and microscopy

For all histological analysis of brain tissue following behavioral experi-
ments, mice were anesthetized with a mixture of ketamine and xylazine
(100 mg/kg and 10 mg/kg, respectively) injected intraperitoneally and
transcardially perfused, first with PBS and then with 4% PFA. Following
perfusion, brains were postfixed in 4% PFA for 24 h and then transferred
to PBS. Brains were then sliced into 50 um sagittal or coronal sections
using a vibratome, and every section was collected. Immunohistochem-
istry using fluorescence was performed on these free-floating sections by
treating sections first with blocking buffer (0.5% BSA, 5% horse serum,
0.2% Triton X-100), followed by overnight incubation with one or more
primary antibodies and subsequently with the appropriate secondary
antibodies conjugated to a fluorophore. The primary antibodies used
included rabbit anti-dsRed (1:250, Clontech, catalog #632496), mouse
anti-RFP (1:1000, Abcam, catalog #AB65856), rabbit anti-Cre (1:2000)
(Kellendonk et al., 1999), and goat anti-ChAT (1:100, Millipore, catalog
#AB144P). Sections were washed with 0.2% Triton X-100 in between
primary and secondary antibody incubations and with 50 mwm Tris-Cl,
pH 7.4, before mounting. Sections were mounted on glass slides and
subsequently coverslipped for imaging with VectaShield containing
DAPI (Vector Labs). For confirmation of spread of viral infection in
targeted structures, images were acquired at 2.5X magnification using a
Hamamatsu camera attached to a Carl Zeiss epifluorescence microscope.
For analysis of coexpression of fluorescent and immune-labeled pro-
teins, images were acquired at 20X or 40X using a Nikon Ti Eclipse
inverted microscope for scanning confocal microscopy. Micrographs
were processed using ImageJ software (National Institutes of Health).
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Behavioral data processing and statistical analysis

All data collected in the current study were processed with Excel (Mi-
crosoft) or with custom scripts and functions written with MATLAB
(The MathWorks). Statistical analyses were done with Prism 5 (Graph-
Pad). All statistical tests were two-tailed, and « level was set to 0.05. For
operant tests of motivation, the behavioral measures used for analysis
included the total number of lever presses and reinforcers earned in a
session, as well as the session duration, for the progressive ratio and
progressive hold-down tests. For outcome devaluation tests, total num-
ber of lever presses made in a session was the parameter analyzed. To
compare normally distributed parameters, such as reinforcers earned,
number of lever presses, and breakpoint, under different conditions,
repeated-measures ANOVA tests were used to test for statistical signifi-
cance. The log-rank Mantel-Cox test, a nonparametric statistical test, was
used to compare whether or not the independent variables significantly
affected session duration. To analyze the effect of drug on locomotor
activity in an open field, the sums of the total ambulatory distance from
a time point 30 min after intraperitoneal injection until the end of each
session were obtained. These measures obtained under different condi-
tions were used to test for statistical significance between groups using
repeated-measures ANOVA tests. Alternatively, we calculated the dis-
tance traveled per minute 30 min after intraperitoneal injection as a
percentage of baseline distance traveled per minute before acute treat-
ment. We then performed two-way ANOVAs to compare locomotor
response to acute treatment between groups.

Results

Activating hM4D receptors in indirect-pathway medium
spiny neurons (MSNs) leads to increased neuronal activity in
GPe

We first verified in vivo that the hM4D designer receptor can be
used to inhibit striatopallidal spiny neurons. Previous work in
brain slices has shown that activating hM4D receptors in D2R-
postive MSNs in the NAc decreases evoked IPSCs in the VP after
optogenetic stimulation of the indirect pathway (Bock et al.,
2013). We therefore hypothesized that decreasing function of the
indirect pathway using the hM4D/CNO system should disinhibit
neuronal activity in the GPe in vivo. To test this hypothesis, we
injected a GCaMPo6f virus in the GPe and a Cre-dependent hM4D
virus in the DMS of Drd2-Cre mice and further implanted a
microlens in the GPe (Fig. 1A). We then imaged activity of cells in
the GPe in three freely behaving animals after acutely treating
these animals with CNO or saline. Figure 1B shows sample cal-
cium traces for 10 neurons imaged after treatment with saline or
CNO, illustrating the activity of individual GPe cells in response
to each drug condition.

We performed two different statistical analyses to test for the
effect of CNO on the activity of GPe neurons. First, the average
calcium activity over 5 min of the same cells imaged during dif-
ferent drug conditions was compared directly. As a control, com-
parison of average activity of cells imaged after two consecutive
saline conditions (SAL-SAL) revealed a small decrease in activity
in the second session compared with the first session (¢,,9) =
2.308, p = 0.0220, n = 211) (Fig. 1C). In contrast, comparison of
the average activity of cells imaged first after saline treatment and
then after CNO treatment (SAL-CNO) showed a robust increase
in activity after CNO treatment compared with saline treatment
(t(208) = 6.857, p < 0.0001, n = 209) (Fig. 1D). Increased GPe cell
activity after treatment with CNO was observed for all 3 mice
imaged (SAL-SAL experiments: mouse 1: t(,o,y = 0.2217, p =
0.8250, . = 103 cells; mouse 2: ¢35y = 1.329, p = 0.1917, n = 40
cells; and mouse 3: #¢5) = 2.577, p = 0.0121, n = 69 cells; SAL-
CNO experiments: mouse 1: to;) = 4.803, p < 0.0001, n = 98;
mouse 2: f(49) = 3.755, p = 0.0005, n = 50; and mouse 3: t 45y =
3.225, p = 0.0020, n = 61).
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Second, we confirmed these findings by obtaining the average
activity of each cell in 12 s bins and analyzing the proportion of
cells that showed significantly increased or decreased activity af-
ter each drug condition. For this analysis, we found in the SAL-
SAL control condition that 3.37% of cells showed significantly
increased activity and 3.79% of cells displayed significantly de-
creased activity in the second SAL session (SAL-SAL, 211 cells
from 3 animals) (Fig. 1C, inset). In contrast, similar analysis for
the SAL-CNO experiments showed that 10.05% of cells imaged
displayed significantly increased activity, whereas only 0.48% of
cells showed significantly decreased activity in the CNO session
compared with the SAL session (SAL-CNO, 209 cells from 3 an-
imals; Fig. 1D, inset). Analysis of these proportions for SAL-SAL
and SAL-CNO experiments demonstrated that the frequency of
cells showing increased activity after CNO treatment was greater
than expected by chance (x{,) = 8.889, p = 0.0117). These find-
ings demonstrate that activation of the G,-coupled receptor
hM4D in indirect-pathway MSNs enhances GPe activity.

Decreasing function of the indirect pathway increases
motivation in D2R-OE,., and control littermates

We then analyzed the effects of inhibiting indirect pathway neu-
rons of D2R-OE,,, and control mice on motivated behavior. We
expressed hM4D in the DMS and NAc because both subregions
of the striatum are known to support motivated behavior (Corbit
and Balleine, 2011; Hilario et al., 2012; Burton et al., 2015) (Fig.
2A,B). No fluorescence signal was observed in the brain struc-
tures targeted by the direct pathway, the SNr and GPi (data not
shown). Costaining for hM4D and Cre revealed that 95% of
hM4D-positive cells were immune-positive for Cre recombinase.
Efficiency of transfection and recombination were high, as 86%
of Cre-positive cells within the constraints of the virally infected
region were immune-positive for hM4D (n = 150/175 Cre-
positive cells from 4 mice). Cholinergic interneurons that repre-
sent ~2% of neurons in the striatum are also known to express
D2Rs (Dawson et al., 1990). We found that only 5% of neurons
positive for ChAT, a marker for cholinergic interneurons, were
also immune-positive for hM4D in the virally infected region
(n = 6/110 ChAT-positive neurons from 4 mice), in agreement
with previous results using this BAC transgenic Cre mouse line
(Kravitz et al., 2010; Gallo et al., 2015).

Mice were then tested in a progressive ratio schedule of rein-
forcement, which measures how much effort an animal is willing
to expend to obtain a reward. As previously reported, D2R-OE,,,
mice showed a deficit in the progressive ratio task (Drew et al.,
2007), as they stopped responding sooner than control litter-
mates (X, = 4.235, p = 0.0121; Fig. 2C), earned fewer rewards
(ta0) = 2.692, p = 0.0140; Fig. 2D), had a lower breakpoint
(t20) = 2.535, p = 0.0197; Fig. 2E), and made fewer lever pres-
ses (t,0) = 2.846, p = 0.0100; Fig. 2F). We then retested the
animals after treatment with saline or CNO using a within-
subject design in which animals received treatment with saline or
CNO on alternate days of testing. We found that both D2R-OE,_,
and control mice continued to respond for significantly longer
times during a session after treatment with CNO compared with
treatment with saline (D2R-OE,,.: x{,, = 19.56, p < 0.0001; Con-
trol: x(;) = 9.671, p = 0.0019; Figure 2G). Both D2R-OE,,, and
control mice earned more reinforcers after treatment with CNO
compared with saline (Fy,uq122) 65.49, p < 0.0001,
Fgenotype(l,22) = 7526’ p = 00119) Finteraction(l,ZZ) = 2285) P =
0.1448; Figure 2G). Consistent with these results, both D2R-
OE,4., and control animals also had a higher breakpoint
(Firug1.22) = 55:87,p < 0.0001, Fyeporynei 22) = 10.87, p = 0.0033,
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Scaled calcium activity in 5 min

Activating hM4D receptors in indirect-pathway MSNs leads to increased neuronal activity in GPe. A, Top, Diagram of coronal section showing targeted injection sites in DMS and GPe for

calcium imaging. Bottom, Micrograph of sagittal section showing region in the DMS and GPe virally targeted for in vivo calcium imaging of GPe cells expressing GCaMP6f (green) and indirect-
pathway MSNsin the DMS expressing hM4D (red). Both red and green fluorescence can be observed in the GPe, corresponding to axon terminal fields of indirect-pathway MSNs expressing hM4D and
GPe cell bodies expressing GCaMP6f, respectively. The lens was implanted in the GPe for imaging using a miniature microscope, and the track of the lens can be seen in the tissue ending at the level
of the GPe. Scale bar, 1 mm. B, Representative scaled calcium traces (AF/F) for 10 isolated GPe neurons imaged in a freely behaving mouse 30 min after treatment with saline and 30 min after
treatment with CNO (SAL-CNO), in two separate 600 s imaging sessions, conducted on the same day without subjecting animals to anesthesia in between sessions. The scaling factors used for
representative cell traces 1-10 were 0.12,0.18, 0.45,0.29,0.17,0.41,0.30, 0.86, 0.13, and 0.26, respectively. C, D, Histograms of average calcium activity for all cells imaged in (C) control SAL-SAL
experiments, revealing a small decrease in activity in the second session compared with the first session (£, = 2.308, p = 0.0220, n = 211), and (D) SAL-CNO experiments, showing a robust
increasein activity after CNO treatment compared with saline treatment (¢ ,45) = 6.857,p << 0.0001, n = 209). Insets, Plots of percentage of cells that showed asignificant decrease (red) orincrease
(green) in activity when (C, inset) comparing control paired sessions done after treatment with saline (SAL-SAL condition: 3.37% significantly increased, 3.79% significantly decreased), and (D,
inset) comparing sessions done after treatment with saline to sessions after treatment with CNO (SAL-CNO condition: 10.05% significantly increased, 0.48% significantly decreased). A significant
increase in the proportion of cells that showed increased activity can be attributed to CNO treatment when comparing proportions across conditions (p = 0.0117). A total of 211 cells for the SAL-CNO

condition and 209 cells for the SAL-SAL condition from 3 different animals were used to calculate all statistics reported above.

Finteraction(1,22) = 10.23, p = 0.0041; Figure 2I) and showed in-
creased total number of lever presses in sessions after CNO treat-
ment compared with saline treatment (Fyq(1,20) = 69.21, p <
0.0001, Fyeporype(22) = 7-912,p = 0.0101, Fypperaction(1.22) = 7-528,
p = 0.0119; Figure 2J). However, while CNO robustly enhanced
motivation in both groups, D2R-OE,,, mice still displayed de-
creased performance in the task compared with control litter-
mates while on the drug, as measured by how long animals
continued to respond in the task (CNO condition: x{,, 10.49, p =
0.0012; Fig. 2G), the number of reinforcers earned (Bonferroni
post hoc test, p < 0.01; Fig. 2H ), the breakpoint (Bonferroni post
hoc test, p < 0.001; Fig. 2I), and the total number of lever presses
made (Bonferroni post hoc test, p < 0.001; Fig. 2J). Moreover,
although mice in both groups showed enhanced performance in
the progressive ratio task after CNO treatment, this enhancement

cannot be attributed to a general increase in response vigor be-
cause, for each ratio requirement, mice in both groups showed
unaltered press rates after treatment with CNO compared with
saline (F(, 44 = 1.894, p = 0.1446; Fig. 2K).

Optogenetic stimulation and genetic lesion studies suggest
that D2-MSNs inhibit motor activity (Kravitz et al., 2010; Du-
rieux et al., 2012; Lenz and Lobo, 2013; Cazorla et al., 2014).
Thus, we hypothesized that inhibiting indirect-pathway MSNs in
the DMS and NAc by acutely activating hM4D receptors would
energize motor behavior. To test this hypothesis, we tracked
open-field locomotion of D2R-OE,,, and control littermates ex-
pressing hM4D in indirect-pathway MSNs before and after treat-
ment with CNO or saline. We found that both D2R-OE,,, and
control littermates showed increased ambulation after treatment
with CNO (F, 5,y = 32.36, p < 0.0001), which peaked ~30 min
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Figure2. Decreasing function of the indirect pathway increases motivation in D2R-OE,,, and control littermates. A, Coronal section micrograph showing hM4D-mCherry expression in the DMS
and NAc of a Drd2-Cre mouse. Scale bar, 1 mm. B, Superimposed traces of viral spread from coronal sections at ~1.0 mm anterior to bregma for all animals (D2R-OE,,, and control littermates)
injected with the AAV5/hSyn-DI0-hM4D-mCherry virus into the DMS and NAc. Traces were overlaid onto a diagram of the corresponding coronal section adapted from Paxinos” mouse brain atlas
(Franklin and Paxinos, 2008). C, D2R-OE,, mice expressing hM4D and injected with saline showed a decreased performance in the progressive ratio task compared with control littermates,
measured by survival functions for session duration (p = 0.012) (C), total number of reinforcers earned (p = 0.014) (D), breakpoint (p = 0.0197) (E), and total number of lever presses made (p =
0.0100) (F). 6-J, Both D2R-OE,, and control mice expressing hM4D in indirect-pathway MSNs in the DMS and NAc showed enhanced performance in a second session of the progressive ratio task
after treatment with C(NO compared with saline, measured by survival functions for session duration (D2R-OE,,,: p << 0.0001; control: p = 0.0019) (G), total number of reinforcers earned (p <
0.0001) (H), breakpoint (p < 0.0001) (/), and total number of lever presses made (p << 0.0001) (J) for each session. When comparing performance across genotypes after treatment with CNO in
the progressive ratio task, D2R-OE ., continued to respond in the task for shorter times (p = 0.0012) (G), earned fewer reinforcers (p << 0.01) (H), had a lower breakpoint (p << 0.001) (/), and made
fewer total lever presses (p << 0.001) (J) per session compared with control littermates. K, Analysis of animals’ press rate per ratio requirement shows that subjects of either genotype did not exhibit
a general increase in rate of pressing when treated with CNO compared with saline (p = 0.1446). L, Plot of locomotion in an open field across time showed that both D2R-OE,,, and control mice
increased ambulatory activity after treatment with C(NO compared with treatment with saline (p << 0.0001). The increase in locomotion reached maximum level ~30 min after injection with CNO
formice of both genotypes. No difference was observed between D2R-OE,, and control littermates in their response to CNO treatment ( p = 0.2513). Data from 12 animals per genotype were used
to calculate all statistics reported ahove using a crossover design. Error bars indicate SEM. *p =< 0.05, **p =< 0.01, ***p < 0.001.
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Figure 3. Inhibiting the indirect pathway in either DMS or NAc leads to enhanced motivation and does not affect

sensitivity to reward devaluation. A, Sagittal section micrograph showing hM4D-mCherry expression in the DMS and GPe of
a representative D2-Cre mouse. Scale bar, 1 mm. B, , Superimposed traces of viral spread from sagittal sections at ~1.4
and 2.0 mm right and left of bregma for all animals injected with the AAV5/hSyn-DI0-hM4D-mCherry virus into the DMS.
Traces were overlaid onto a diagram of the corresponding sagittal section adapted from Paxinos’ mouse brain atlas
(Franklin and Paxinos, 2008). D-F, Mice expressing hM4D in indirect-pathway MSNs selectively in the DMS showed
enhanced performance in the progressive ratio task of motivation after treatment with (NO compared with saline, mea-
sured by survival functions for session duration (p = 0.0054) (D), breakpoint (p = 0.0043) (E), and total number of lever
presses made in each session (p = 0.0091) (F). G, In a test of outcome devaluation, compared with a control condition in
which mice were prefed chow, a food that had never been previously associated with lever pressing, mice expressing hM4D
in the DMS showed similar decreased rates of pressing after prefeeding with evaporated milk and treatment with CNO or
saline (prefeeding: p = 0.0075; drug: p = 0.9699). H, Sagittal section micrograph showing hM4D-mCherry expression in
the NAcand VP. Scale bar, 1 mm. 1, J, Superimposed traces of viral spread from sagittal sections at ~1.1and 1.3 mm right
and left of bregma for all animals injected with the AAV5/hSyn-DI0-hM4D-mCherry virus into the NAc. Traces were overlaid
onto a diagram of the corresponding sagittal section adapted from Paxinos’ mouse brain atlas (Franklin and Paxinos, 2008).
K-M, Mice expressing hM4D in indirect-pathway MSNs selectively in the NAc showed enhanced performance in the
progressive ratio task of motivation after treatment with (NO compared with saline, measured by survival functions for
session duration (p = 0.0641, statistical trend) (K), breakpoint (p = 0.0115) (L), and total number of lever presses made
in each session (p = 0.0232) (M). N, Mice expressing hM4D in the NAc were sensitive to reward value in the outcome
devaluation task in both drug treatment conditions, as they showed similar decreased rates of pressing after prefeeding
with evaporated milk and treatment with CNO or saline (prefeeding: p = 0.0037; drug: p = 0.5529). There were no
differences in the relative responses to CNO between animals expressing hM4D in indirect-pathway MSNs in the DMS and
those expressing hM4D in the NAc, measured by survival functions for session duration (p = 0.7547) (D, K), breakpoint
(p = 0.7766) (E, L), or total number of lever presses made in each session (p = 0.7237) (F, M). Data from 8 animals
expressing hM4D in the DMS and 9 animals expressing hM4D in the NAc were used to calculate all statistics reported above
using a crossover design. Error bars indicate SEM. *p =< 0.05, **p < 0.01.
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after drug injection and remained ele-
vated for the remainder of the testing ses-
sion (Fig. 2L). There were no differences
between D2R-OE,,, mice and control lit-
termates in their locomotor response to
CNO (F,,,, = 1.388, p = 0.2513) (Fig.
2L).

Inhibiting the indirect pathway in
either DMS or NAc leads to

enhanced motivation

Medial regions of the striatum have been
shown to support incentive motivation in
instrumental tasks of reinforcement (Cor-
bit and Balleine, 2011; Hilario et al., 2012;
Burton et al., 2015). In the results pre-
sented above, we targeted both the DMS
and NAc, and it was still unclear whether
the DMS or NAc might have been specif-
ically responsible for the effect. We there-
fore injected Cre-dependent hM4D virus
in Drd2-Cre mice bilaterally in either the
DMS or NAc selectively. These animals
were then trained and tested in the pro-
gressive ratio task. In animals injected in
the DMS, histology confirmed hM4D ex-
pression in the DMS and in axon terminal
fields in the GPe (Fig. 3A—C). Acutely ac-
tivating G, signaling in indirect-pathway
MSNs in the DMS enhanced motivation
in mice, as they continued responding for
longer times (DMS: X(zl) = 7.745, p =
0.0054; Fig. 3D), had higher breakpoints
(DMS: t;) = 4.147, p = 0.0043; Fig. 3E),
and made a greater number of lever
presses (DMS: t,, = 3.572, p = 0.0091;
Fig. 3F). In animals injected in the NAc,
histology confirmed hM4D expression in
the NAc and in axon terminal fields in the
VP (Fig. 3H-J). Acutely inhibiting
indirect-pathway MSNs in the NAc en-
hanced motivation in mice, as they con-
tinued responding for longer times (NAc:
)((21) = 3.427, p = 0.0641, statistical trend;
Fig. 3K), had higher breakpoints (NAc:
tg) = 3.261, p = 0.0115; Fig. 3L), and
made a greater number of lever presses
(NAG: g, = 2.495, p = 0.0232; Fig. 3M).
In some animals of the NAc group, viral
injection spread unilaterally to the DMS
(Fig. 31,]). When we analyzed perfor-
mance in the progressive ratio task of only
those mice in which the injection was
completely restricted to the NAc, we
found it to be enhanced in each individual
animal. There were no differences in the
relative responses to CNO between ani-
mals expressing hM4D in indirect-
pathway MSNs in the DMS and those
expressing hM4D in the NAc, measured
by survival functions for session duration
(X{1) = 0.09760, p = 0.7547; Fig. 3D,K),



5996 - J. Neurosci., June 1, 2016 - 36(22):5988 — 6001

breakpoint (t,5) = 0.2889, p = 0.7766; Fig. 3 E, L), or total num-
ber of lever presses made in each session (f,5 = 0.3602, p =
0.7237; Fig. 3F,M).

Moreover, as observed for mice expressing hM4D in both
DMS and NAg, the response to CNO in mice expressing hM4D
separately in each striatal subregion cannot be attributed to a
change in response vigor: for each ratio requirement reached by
all animals in the study, mice in each group showed similar rates
of lever pressing after treatment with CNO or saline (DMS:
F1 14 = 0.1406, p = 0.7126, saline: 27.30 * 9.972 presses/min,
CNO: 26.71 = 4.087 presses/min, n = 8 mice; NAc: F, 14) =
0.005455, p = 0.9422, saline: 21.07 * 3.881 presses/min, CNO:
19.75 * 3.183 presses/min, n = 9 mice) (data not shown).

We also investigated the contributions of the DMS and NAc to
the locomotor effect of acutely decreasing function of the indirect
pathway. Both groups displayed increased ambulatory activity
after treatment with CNO (DMS: ¢, = 4.041, p = 0.0049, saline:
83.62 £4.125 cm/min, CNO: 151.2 % 19.28 cm/min, n = 8 mice;
NAc: tg = 5.718, p = 0.0004, saline: 71.81 * 5.439 cm/min,
CNO: 139.7 * 10.67 cm/min, n = 9 mice) (data not shown).

Inhibiting the indirect pathway in either DMS or NAc does
not affect the sensitivity to reward devaluation

We then tested whether inhibiting indirect-pathway function in
DMS or NAc alters the sensitivity to changes in the value of the
reward. Since all animals were trained to press a lever to obtain
evaporated milk as a food reward, we tested whether devaluation
of the reward by prefeeding animals with evaporated milk would
decrease their rate of operant responding in extinction trials. We
found that, compared with prefeeding with chow, prefeeding
with milk resulted in reduced lever pressing after treatment with
saline as well as after treatment with CNO (DMS group: prefeed-
ing: F, 15 = 10.32, p = 0.0075, drug: F, 5, = 0.001480, p =
0.9699; Bonferroni post hoc tests: p > 0.05 for chow and milk;
NAc group: prefeeding: F,,, = 12.10, p = 0.0037, drug:
F 14 = 0.3697, p = 0.5529; Bonferroni post hoc tests: p > 0.05
for chow and milk) (Fig. 3G,N). These findings show that acti-
vating G,,; signaling in indirect-pathway MSNs in either the DMS
or NAc does not affect animals’ sensitivity to a change in the value
of the reward, suggesting that inhibition of indirect-pathway
function does not result in habitual lever pressing or a decreased
sensitivity to satiation.

Decreasing function of the indirect pathway energizes
behavior at the expense of goal-directed efficiency when a
sustained response is required to obtain the goal

Incentive motivation is thought to consist of two components: a
directional and an activational component. The directional com-
ponent involves selecting the actions most likely to reach a goal.
The activational or arousal component regulates the initiation,
vigor, and persistence of the action. A change in any or all of these
activational components will affect performance on the progres-
sive ratio schedule of reinforcement (Salamone and Correa, 2002;
Bailey et al., 2015). Given that inhibiting indirect-pathway func-
tion leads to hyperactivity in the open field and enhanced perfor-
mance in the progressive ratio task, we asked whether this
manipulation alters specific activational components of motiva-
tion. To this end, we tested D2R-OEj,, and control mice express-
ing hM4D in the indirect pathway of NAc and DMS in the
progressive hold-down task. This task requires mice to hold
down a lever for progressively longer intervals of time to earn
each subsequent reward (Bailey et al., 2015). Both D2R-OE,,
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and control mice acquired the task successfully (data not shown).
After acute treatment with CNO compared with saline, both ge-
notypes continued to engage in the task for longer times (control:
x> = 12.02, p = 0.005; D2R-OE,.: x> = 21.23, p < 0.0001;
Fig. 4A). As in the progressive ratio task, they also made more
lever presses (Fyyg101) = 44.82, p < 0.0001, Foeroypeion) =
2.215, p = 0.1516, Fyeraction1.21) = 1.370, p = 0.2549) (Fig. 4B).
However, in contrast to the progressive ratio task, both genotypes
earned fewer rewards after being treated with CNO (Fyyyg(1,21) =
3192, p < 0.0001, Fporyperory = 0.8983, p = 0.3540,
F,eraction(1,21) = 0.8442, p = 0.3686) (Fig. 4C). This observation
is consistent with reduced efficiency at making longer presses,
which we confirmed by calculating the proportion of rewarded
presses per hold requirement. This measure decreased for hold
requirements =8.2 s for CNO- versus saline-treated mice (F, ,,,
= 7.080, p = 0.0143) (Fig. 4D). Figure 4E shows a plot of the
distribution of press durations for all lever presses made on dif-
ferent days of testing by one representative subject. Although this
mouse made progressively longer hold-down presses on saline
treatment days, it made generally shorter and more frequent
presses on days when it was treated with CNO (Fig. 4E). These
results suggest that activating G, signaling in indirect-pathway
MSNs in the DMS and NAc leads to increased motivation by
energizing repeated initiation of the goal-directed action, even
when this effect results in decreased efficiency in earning rewards.

Chronic activation of hM4D does not affect motivation in
mice and leads to drug tolerance that can be reversed by 48 h
of drug abstinence
Because neuropsychiatric diseases generally require long-term
pharmacological treatment, we investigated whether continuous
activation of hM4D receptors in indirect-pathway MSNs in the
DMS and NAc also enhances motivation. Chronic CNO treat-
ment did not affect performance of mice expressing hM4D in
indirect-pathway MSNs in either DMS or NAc in the progressive
ratio task, measured by either session duration (DMS: xX: =
0.02327, p = 0.8788; NAc: x> = 0.8556, p = 0.3550; Fig. 5A),
number of lever presses (DMS: ¢, = 0.8276, p = 0.4352, NAc:
ts) = 0.5896, p = 0.5717; Figure 5B), or breakpoint (DMS: ¢, =
0.4952, p = 0.6357, NAc: t5) = 0.2526, p = 0.8069; Figure 5C).
Similar lack of effect was also observed for D2R-OE,,, mice or
control littermates expressing hM4D in indirect-pathway MSNs
in both the DMS and NAc (session duration: control: y* =
0.2393, p = 0.6247, median survival: 19.5 min; D2R-OE.: x> =
3.690, p = 0.2969, median survival: 21.5 min; number of lever
presses: Fypug(1,20) = 1.671, p = 0.2108, Foeporype(1,20) = 0.01001,
p = 09213, Fyracion(1o0) = 0.1.907, p = 0.1825, vehicle:
363.667 = 61.667 min, CNO: 256.0 * 53.333 min, n = 6 mice per
group) (data not shown). Importantly, the absence of a CNO
effect was not due to the different routes of administration
(drinking water vs intraperitoneal injection) or instability of
CNO in water or room temperature (data not shown).

We then asked whether animals that are treated with CNO for
2 weeks still exhibit a behavioral response to an acute intraperi-
toneal injection of CNO. As a control experiment, we found that
wild-type animals expressing hM4D in the DMS receiving un-
treated water (chronic vehicle) responded to acute CNO treat-
ment with increased total number of lever presses (t,, = 3.222,
p = 0.0097) (Fig. 6A) and longer session duration (x* = 4.719,
p = 0.0314) (Fig. 6B). In contrast, wild-type animals on chronic
treatment with CNO did not exhibit an acute response to the
drug injection, measured by total number of lever presses (¢, =
0.4880, p = 0.6405) (Fig. 6C) and session duration (x> =
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48 h off chronic treatment with CNO was
sufficient to re-elicit the behavioral re-
sponse to acute treatment with CNO
compared with acute treatment with sa-
line (number of lever presses: t,, = 4.211,
p = 0.0040; session duration: X = 12.33,
p = 0.0004) (Fig. 6G,H ). Comparable re-
sults were obtained for mice expressing
hM4D in the NAc (data not shown). And
a similar recovery from CNO tolerance
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CNO was observed for ambulatory activity in

the open field (data not shown). Mice
therefore recover their sensitivity to CNO
after 48 h of drug withdrawal.

Discussion

Here, we determined whether motiva-
tional deficits induced by upregulation of
striatal D2Rs starting in early develop-
ment could be reversed by decreasing
function of the indirect pathway in the
adult. We found that acute activation of
the G,;-coupled designer receptor hM4D
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Decreasing function of the indirect pathway energizes behavior at the expense of goal-directed efficiency when a
and control littermates expressing hM4D in indirect-pathway

in the indirect pathway increased motiva-
tion in D2R-OE,,, mice, as well as in con-
trol littermates. This effect was due to
energized initiation of the behavioral re-
sponse. Our manipulation facilitated
performance when a brief response was
required to earn reward but came at the
cost of goal-directed efficiency when a
response of sustained duration was re-
quired to earn the reward. The increase
in response initiation was not due to ha-
bitual lever pressing because sensitivity
to changes in the value of the reward
remained intact. It was also not medi-
ated by increased response vigor be-
cause the rate of lever pressing during
progressive ratio testing was unaltered.

© ,0 D

Il Day 1 saline
Il Day2 CNO
I Day 3 saline
I Day 4 CNO

MSNs show decreased efficiency in the progressive hold-down task after treatment with C(NO compared with treatment with
saline. Mice of both genotypes continued to respond for longer times when on CNO compared with saline, measured by survival
functions for session duration (control: p = 0.005, D2R-OE,,: p << 0.0001) (A). Mice on (NO made a greater number of lever
presses (p << 0.0001) (B) and earned fewer reinforcers (p << 0.0001) (C) in a session compared with saline. For each hold
requirement, mice treated with C(NO showed lower efficiency in responding compared with treatment with saline, measured by the
proportion of rewarded presses (p = 0.0143) (D). E, Distribution of the press duration for all presses made on different days of
testing by one representative subject: while this mouse made progressively longer presses on saline treatment days, it made
generally shorter presses and a greater number of presses on days when it was treated with CNO. Data from 12 animals per
genotype were used to calculate all statistics reported above using a crossover design. Error bars indicate SEM. ***p =< 0.001.

Selective manipulation of MSNs in ei-
ther the DMS or NAc showed that both
striatal subregions contribute to this ef-
fect on motivation. Furthermore, we
also investigated the behavioral effects
of chronically decreasing function of the
indirect pathway on motivation, and we
found that chronic activation of G; sig-

0.01117, p = 0.8931) (Fig. 6D). Comparable results were ob-
tained for mice expressing hM4D in the NAc (data not shown).
These findings show that a response to acute CNO in the progres-
sive ratio task can no longer be elicited while animals are chron-
ically treated with CNO in their drinking water.

We then tested the persistence of this tolerance effect after
discontinuing chronic CNO treatment. Mice expressing hM4D
in the DMS that had been treated with CNO for 2 weeks were
taken off the CNO treatment and 48 h later injected intraperito-
neally with CNO or saline. As expected, mice that were chroni-
cally treated with vehicle (control condition) demonstrated
enhanced motivation in response to acute CNO, measured by
number of lever presses (f,, = 3.261, p = 0.0138) (Fig. 6E) and
session duration (x> = 8.170, p = 0.0045) (Fig. 6F). Moreover,

naling in indirect-pathway MSNs leads
to a behavioral desensitization that is re-
versible upon discontinuation of hM4D activation.

Inhibiting indirect-pathway function enhances motivation in
D2R-OE,., and wild-type mice

D2R-OE,,, mice show deficits in motivation that are associated
with enhanced MSN excitability. Because the hM4D receptor has
been previously used to decrease MSN excitability in rodents
(Ferguson et al., 2011), we inferred that, if hyperexcitability of
indirect-pathway MSNs is at the origin of the motivational deficit
of D2R-OE,,, mice, activating hM4D receptors in this neuronal
population would rescue their motivational deficit. However, as
both D2R-OE,,, and control mice showed increased perfor-
mance in the progressive ratio task after treatment with CNO, it is
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unclear whether hM4D activation rescued
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Figure 5.  Chronically activating G,; signaling in indirect-pathway MSNs in either DMS and NAc does not affect motivation in

function of the indirect pathway may rep-
resent a more general strategy to amelio-
rate deficits in motivation than just
rescuing the deficit in D2R-OE,,, mice.

mice using a crossover design. 4, No effect of chronic (NO was observed in the survival function for average session duration in the
progressive ratio schedule for D2-Cre mice expressing hM4D in indirect-pathway MSNs in either DMS (p = 0.8788) or NAc (p =
0.3550). B, The number of lever presses made in a progressive ratio session was not changed after chronic CNO treatment for mice
expressing hM4D in indirect-pathway MSNs in either DMS (p = 0.4352) or NAc (p = 0.5717). C, The breakpoint was also not

changed as a result of chronic CNO treatment for mice expressing hM4D in indirect-pathway MSNs in either DMS (p = 0.6357) or

Inhibiting indirect-pathway function
energizes the initiation of behavior
Using the progressive hold-down task,
we demonstrated that inhibiting function of the indirect path-
way energizes the initiation of behavior, which, however,
comes at the expense of goal-directed efficiency. In the pro-
gressive hold-down task, maximal efficiency requires animals
to suppress any tendency to initiate new behaviors to success-
fully hold down a lever until a reward is obtained. Inhibition of
the indirect pathway caused both D2R-OE,_, and control mice
to continue to engage in this task for longer times. However,
acute CNO treatment also caused animals to make many re-
sponses of short duration and thus earn fewer rewards in the
progressive hold-down task. These observations suggest that
inhibition of the indirect pathway in the NAc and DMS en-
hances motivation by primarily regulating the readiness to
initiate behaviors rather than affecting processes related to the
optimal selection of specific behaviors or to processes that
regulate the vigor or persistence of actions. This increased
tendency to affect initiation of prepotent behavior could ac-
count for the effects we observed in both operant tasks and in
the open field.

Our results are interesting in light of earlier studies showing
that DIR antagonists interferes with the initiation of actions
(Choi et al., 2009, 2011). In these studies, pharmacologically in-
duced blockade of DIR function, presumably inhibiting function
of the direct pathway, led to impairments of initiation, whereas in
our study inhibiting indirect-pathway function led to enhanced
action initiation. Together, these results indicate that the initia-
tion of action depends on a balance between activity in both
indirect and direct pathways, consistent with previous observa-
tions that both pathways are active during the onset of new ac-
tions (Cui et al., 2013).

Itis possible, however, that the primary consequence of inhib-
iting indirect-pathway function is not enhanced initiation but a
reduction in hold times, which would then lead to a faster reini-
tiation of responding. This interpretation would be in line with
the observation that the D2R antagonist raclopride increases hold
times (Fowler and Liou, 1994).

Moreover, although our data are consistent with an increased
action initiation, altered sensitivity to reward cannot be fully ex-
cluded. Whereas CNO enhanced the number of lever presses in
the progressive ratio task, we did not observe any enhancement of
lever pressing in the devaluation task. This may be due to the fact

bars indicate SEM.

NAc(p = 0.8069). A total of 8 mice in the DMS group and 9 mice in the NAc were used to calculate all statistics reported above. Error

that a lower effort is required during the devaluation task or,
alternatively, that no reward is delivered in the devaluation task.
Enhanced responding in the progressive ratio task could there-
fore also be influenced by an enhanced sensitivity to
reinforcement.

Inhibiting indirect pathway in both DMS and NAc

enhances motivation

Previous studies have shown that the NAc, and not the DMS,
plays a key role in goal-directed behavior by regulating how ani-
mals allocate effort to achieve specific outcomes based on the
rewarding value of those outcomes (Nowend et al., 2001; Mai et
al., 2012). These studies often used instrumental tasks that were
inherently different from the progressive ratio task used here. In
the latter studies, animals chose between a high-effort action that
led to a high-value reward and a low-effort action that led to a
low-value reward. Lesioning or antagonizing D1R and D2R func-
tion in the NAc made animals less motivated, choosing low-effort
actions that led to smaller rewards (Nowend et al., 2001; Mai et
al., 2012). It is likely, therefore, that the NAc plays a specific role
in effort-related choices. Our findings that acutely decreasing
function of the indirect pathway selectively in either the NAc or
DMS led to similar enhanced motivation, without affecting out-
come devaluation, suggest that both subregions of the striatum
work together to regulate at least the initiation of motivated be-
havior. Consistent with these observations, a number of studies
have established a role for the DMS in motivated behavior (Yin et
al., 2005b; Shiflett et al., 2010; Hilario et al., 2012). Other behav-
ioral assays of instrumental performance, such as tasks that mea-
sure sensitivity to response contingencies or effort/value
relationships, may potentially reveal dissociations between the
role of the indirect pathway arising from the DMS and NAc in
motivation.

Possible therapeutic relevance of inhibiting

indirect-pathway function

The link between initiation of motor behaviors, motivation, and
function of the indirect pathway is also relevant for Parkinson’s
patients who present with both difficulty initiating motor actions
and deficits in motivation. In a rodent model of Parkinson’s dis-
ease using 6-OHDA lesions, animals exhibited a deficit in moti-
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Chronicactivation of hM4D does not affect motivation in mice and leads to drug tolerance that can be reversed by 48 h of drug abstinence. A, B, D2-Cre animals expressing hM4D in the

DMS on the chronic vehicle treatment condition responded to acute CNO treatment with increased total number of lever presses (p = 0.0097) (4) and longer session duration (p = 0.0314) (B)
compared with their response to acute saline in the progressive ratio task. ¢, D, When animals were tested in the same task while being treated chronically with CNO, there was no difference in their

performance after acute treatment with saline or C(NO, measured by number of lever presses (p =

0.6405) (€) and session duration (p = 0.8931) (D). E, F, After being taken off chronic treatment

for48 h, the same animals previously treated with vehicle showed enhanced performance in the progressive ratio task in response to acute CNO treatment, measured by total number of lever presses
(p=0.0138) (E) and session duration (p = 0.0045) (F). G, H, Among animals previously treated with chronic CNO, 48 h off the chronic drug was sufficient to re-elicit a behavioral response to acute
treatment with CNO in the progressive ratio task because, under these conditions, mice made more lever presses ( p = 0.0040) (G) and continued to respond for longer times in the task ( p = 0.0004)
(H) compared with their performance after acute treatment with saline. A total of 8 mice expressing hM4D in the DMS were used for these statistical analyses using a crossover design. Error bars

indicate SEM. *p =< 0.05, **p < 0.01, ***p < 0,001.

vation that was reversed by a D2R agonist (Favier et al., 2014).
Moreover, D2R agonists have also been effective in treating lack
of motivation in patients with Parkinson’s disease (Thobois et al.,
2013). These findings in animals and patients lacking dopamine
neurons are interesting because the behavioral effects of D2R
activation on striatal MSN's have been difficult to study pharma-
cologically in the intact BG due to D2 autoreceptors in dopa-
minergic axon terminals projecting to the striatum (Sesack et
al., 1994; Ford, 2014). Consistent with these findings, the be-
havioral effects demonstrated in the current study using a
system that selectively activates G,; signaling in D2R-positive
MSNs suggest that selective therapeutic approaches targeting
indirect-pathway function may be useful in treating motiva-
tional deficits in Parkinson’s disease and other brain disor-
ders. However, our data also suggest that a specific
enhancement in the activational component of motivation
can come at the cost of goal-directed efficiency, which should
be considered when choosing such treatment strategy.

Because brain disorders are chronic and require continuous,
long-term pharmacological treatment, we also tested whether
chronically inhibiting function of the indirect pathway would
also enhance motivation in our experimental system. Surpris-
ingly, we found that chronically activating G, signaling in
indirect-pathway MSNs did not affect motivation or locomotion
in mice. One explanation for the lack of behavioral response to
chronic treatment is that the mutated G;-protein-coupled
hM4D receptor became desensitized during chronic CNO ad-
ministration. To address this question, we administered an acute
intraperitoneal injection of CNO or saline to mice expressing
hM4D in indirect-pathway MSNs, while they were chronically
consuming CNO, and found no effect of the injection. We then
demonstrated that this behavioral desensitization was not per-
manent because motivation and locomotion responses to an
acute CNO injection could be re-elicited 48 h after discontinuing
chronic treatment. Although we did not directly address the
mechanism of behavioral desensitization, one likely possibility is
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that the G,;-coupled receptor becomes desensitized due to inter-
nalization after chronic stimulation (Gainetdinov et al., 2004).
Alternatively, behavioral desensitization may be mediated by
circuit-level adaptations. The fast recovery of the response sug-
gests that structural anatomical rewiring may not be required, but
the desensitization effect could be mediated by circuit-level plas-
ticity, which is known to occur at shorter timescales (Caroni et al.,
2014). Thus, receptor desensitization or circuit adaptations are to
be taken into consideration when developing chronic therapies
for neuropsychiatric disorders. Our results may explain why
drugs that target GPCRs may not improve motivation when
taken chronically by patients (Catapano and Manyji, 2007).

In conclusion, the present study shows that the indirect
pathway is important for regulating response initiation, a pro-
cess that can be pharmacologically manipulated to increase
behavioral activation. However, inhibiting the indirect path-
way may also lead to inefficient responding at the cost of
reduced reward outcome in situations in which a long dura-
tion of action is required to obtain a goal. These findings
provide insight into BG function and should inform the de-
velopment of new treatments for neuropsychiatric disorders
with abnormal motivation.
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