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Abstract

Addiction to drugs such as cocaine is marked by cycles of compulsive drug-taking and drug-
seeking behavior. Although the transition to addiction is thought to recruit neural processes in
dorsal striatum, little is known regarding the role of dorsal striatal projections to the substantia
nigra (i.e., the direct pathway) in regulating these behaviors. Combining a Cre-recombinase
dependent chemogenetic approach with a cocaine self-administration paradigm that produces both
low-risk and high-risk addiction phenotypes, we examined the effect of transiently decreasing
direct pathway activity in the dorsomedial striatum on drug-taking and drug-seeking under
conditions of normal and pathological drug use. Surprisingly, transient inhibition of direct pathway
striatal neurons had no effect on several measures of addictive behavior during on-going drug use,
including loss of control over drug intake, high motivation to obtain drug, and drug use despite
negative consequences (i.e., drug use paired with foot shock). However, chemogenetic inhibition
of these neurons during reinstatement reduced cue-induced drug-seeking, but only in the high-risk
addiction phenotype group. Cue-induced reinstatement was relatively normal in the low-risk
addiction phenotype group, as well as following reinstatement to cues associated with sucrose
pellet consumption. These results demonstrate that dorsomedial direct pathway striatal neurons
play a very specific role in addictive behaviors, which is to regulate the pathological drug-seeking
that accompanies relapse.

INTRODUCTION

Drug addiction is a chronic disease characterized by compulsive drug-seeking and -taking,
loss of control over drug intake, and a persistent craving for the drug. Although only a
fraction of individuals that try drugs (~15-20% for cocaine) will develop these pathological
behaviors, addiction remains a public health epidemic with far reaching economic and social
consequences (Anthony et al., 1994; Penberthy et al., 2010). Currently little is known about
what renders some individuals vulnerable to develop addiction and protects others against it.
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Furthermore, treatment options for addicts are limited, which is problematic given the high
rates of recidivism. Thus, parsing the adaptations in neural circuits that regulate casual,
controlled drug consumption from those that contribute to compulsive drug use and relapse
are critical for developing effective preventative and therapeutic strategies for vulnerable
individuals.

Psychostimulant drugs produce an abundance of cellular and molecular adaptations in the
striatum, which serves as a key interface of the cortico-basal ganglia-thalamic circuit (Berke
and Hyman, 2000; Nestler, 2001; Moussawi et al., 2011; Yager et al., 2015). However, the
striatum is composed primarily of two intermixed populations of GABAergic medium spiny
projection neurons (MSNs) that give rise to distinct output pathways. Direct pathway MSNs
(dMSNs) project monosynaptically to the substantia nigra (SN) whereas indirect pathway
MSNs (iMSNs) project to the SN via the globus pallidus external (GPe) and subthalamic
nucleus (Gerfen and Surmeier, 2011). Classic studies have demonstrated that the direct and
indirect pathways can mechanistically and functionally oppose one another (Albin et al.,
1989; Gerfen and Surmeier, 2011; Calabresi et al., 2014), and it has been hypothesized that
an imbalance between signaling in dMSNs and iMSNs may contribute to the development
and persistence of addiction (Lobo et al., 2010; Smith et al., 2013; Volkow et al., 2013).
Indeed, recent work has shown that dAMSNs and iMSNSs regulate both drug reward and the
psychomotor activating effects of psychostimulant drugs in opposing ways (Lobo et al.,
2010; Ferguson et al., 2011).

While these studies have led to a better understanding of the role of dMSNs and iMSNSs in
behavioral effects following drug exposure, they utilized experimenter-administered drug
delivery paradigms. It is important to also determine the function of these pathways in
models that can more readily mimic the hallmarks of human addiction. Only recently has the
role of IMSNs been examined during cocaine self-administration, and it was found that
optogenetic activation of NAc iMSNs suppressed drug-taking while inhibition of NAc
iMSNSs, via activation of Gjj-coupled DREADDS (Designer Receptors Exclusively
Activated by Designer Drugs; hMyDi), enhanced the motivation to take cocaine as assessed
with a progressive ratio schedule of reinforcement (Bock et al., 2013). However, the function
of dMSNs in key features of compulsive drug-use, as well as relapse, remains unknown.

To investigate this question, we utilized a Cre-recombinase (Cre-) dependent, intersectional
viral vector approach to selectively express Gj,-DREADDSs in dMSNs. Activation of hMyDi
increases Gjo signaling in striatal cells, leading to a decrease in cCAMP activity, stimulated c-
Fos expression and action potential firing (Armbruster et al., 2007; Ferguson et al., 2011).
This technique was used to examine how decreasing activity of dorsomedial striatum
neurons that project to SN (i.e., AMSNSs) impacts several measures of compulsive drug-use
characteristic of addiction (loss of control over drug-seeking, motivation to take drugs,
continued drug use despite negative consequences), as well as during cue-induced
reinstatement of drug-seeking.
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MATERIALS AND METHODS

Animals

Drugs

All experiments were approved by the Seattle Children’s Research Institute Institutional
Animal Use and Care Committee and adhered to NIH guidelines. Male Sprague-Dawley rats
(n=60 Envigo) weighing 250-274g upon arrival were single- (cocaine self-administration
experiment) or pair-housed (sucrose self-administration experiment and calcium imaging) in
a temperature- and humidity-controlled vivarium on a 12 h light/dark cycle. Rats were
acclimatized to the environment for at least 3 days prior to any experimental manipulations.
Food was provided ad /ibitum until 5 days prior to the start of the experiment, after which
rats were mildly food restricted and fed 16-20 g of chow per day. Water was available ad
libitum. 20 rats were excluded from analysis because of catheter failure (n=2), inability to
learn to self-administer (n=2), resistance to extinction (n=2), failure to reinstate (n=3), and
virus localization (n=11).

Clozapine-N-Oxide (CNO) was obtained from the National Institutes of Health as part of the
Rapid Access to Investigate Drug Program funded by the NINDs. CNO was administered
into the intraperitoneal cavity (/o) in a volume of 1 ml/kg at a dose of 5 mg/kg. CNO was
dissolved in 100% DMSO, then diluted in sterile water for a final concentration of 6%
DMSO. For calcium imaging experiments, CNO was dissolved in aCSF at a concentration of
10 uM. Venhicle injections consisted of 6% DMSO mixed in sterile water. Cocaine HCI was
obtained from the National Institute of Drug Abuse and was dissolved in sterile 0.9% saline.

Viral vectors

A Cre-dependent hMyDi viral vector driven by the human synapsin promoter (AAV5-hSY N-
DI0-hMy4Di-mCherry) was packaged in adenoassociated virus serotype 5 (AAV5) at the
University of North Carolina viral vector core and had a titer of ~5x1012 viral genomes/L.
A GCaMP6m viral vector driven by the human synapsin promoter (AAV5-hSY N-
GCaMP6m-WPRE-SV40) was packaged in AAV5 at the University of Pennsylvania viral
vector core and had a titer of ~1x10° viral genomes/uL. A Cre-dependent TdTomato viral
vector driven by the chicken gactin promoter (AAV8-CAG-FLEX-TdTomato) was
packaged in AAV8 at the University of North Carolina viral vector core and had a titer of
~4x1012 viral genomes/uL. Canine adenovirus expressing Cre (CAV2-Cre) had a titer of
~2.5%x109 viral genomes/pL and was prepared as previously described (Kremer et al., 2000).

Surgical techniques

Rats were anesthetized with isoflurane (2-4% inhaled; Patterson Veterinary) during all
surgical procedures. Rats received an injection of meloxicam (0.2 mg/kg SC; Patterson
Veterinary) prior to surgery for analgesia. Rats were monitored for at least 3 days following
each surgical procedure.

Standard stereotaxic procedures were followed to perform viral infusions. For cocaine and
sucrose self-administration experiments, 33-gauge needles attached to gas-tight syringes
(Hamilton Company) were placed above the regions of interest. 1.0 ul of hM4Di was
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bilaterally infused into the DMS (relative to bregma and from skull surface: A/P +0.4 mm,
M/L £2.4 mm, D/V -4.2 mm) and 0.75 pl of CAV2-Cre was bilaterally infused into the SN
(relative to bregma and from skull surface: A/P -=5.4 mm, M/L 2.4 mm, D/V -8.0 mm) at a
rate of 0.4 pl/min. For calcium imaging experiments, 27-gauge stainless steel injectors were
placed above the regions of interest. 1.2 ul of hM4Di, GCaMP6m, and tdTomato (0.4ul
each) was bilaterally infused into the DMS (relative to bregma and from skull surface: A/P
+0.2 mm, M/L £2.0 mm, D/V —-4.1 mm) and 0.5 pl of CAV-Cre was bilaterally infused into
the SN (relative to bregma and from skull surface: A/P =5.3 mm, M/L £2.2 mm, D/V -7.6
mm) at a rate of 0.4 pl/min. Needles were left in place for an additional 5 minutes to allow
for diffusion away from the injection site and through the injection tract.

For cocaine self-administration experiments, following a minimum 3-day recovery period,
chronic indwelling catheters were placed into the right jugular vein and attached to a back-
mounted port as previously described (Crombag et al., 2000). Following surgery, catheters
were flushed daily with 0.2 ml of sterile saline containing 5 mg/ml gentamicin sulfate
(Patterson Veterinary) to prevent occlusions and minimize infections. Catheter patency was
tested prior to the first self-administration session, after the last self-administration session,
and if any behavioral changes suggested loss of patency, by IV injection of 0.2 ml of
methohexital sodium (10 mg/ml in sterile water; Patterson Veterinary). Rats that became
ataxic within 5 s were considered to have patent catheters. If a catheter lost patency during
the self-administration experiment, rats underwent an additional surgery to place a new
jugular catheter into the left jugular vein.

Calcium imaging

Slice preparation—Animals (n=6) were anesthetized and perfused with a cold, high-
sucrose aCSF solution (in mM: 210 sucrose, 5 KCI, 1.25 NaH,PO4eH,0, 3.5 MgSQO4¢7H,0,
0.5 CaCly*2H,0, 26 NaHCOg3, and 10 D-glucose, osmolarity ~300 mOsm). They were then
decapitated and brains quickly removed and transferred to a chamber of cold, high-sucrose
aCSF. 300 uM thick coronal slices were taken with a vibrating microtome while the brains
were submerged in cold, high-sucrose aCSF. Slices were then transferred to a chamber filled
with NMDG protective recovery aCSF (in mM: 93 N-methyl-D-glucamine, 93 HCI, 2.5
KCI, 1.2 NaH»PQy4, 30 NaHCOg3, 20 HEPES, 25 glucose, 5 sodium ascorbate, 2 thiourea, 3
sodium pyruvate, 10 MgSO4¢7H,0, and 0.5 CaCl,*2H,0, osmolarity ~300 mOsm) for less
than 15 minutes. Finally, slices were transferred to a chamber filled with room temperature
aCSF (in mM: 119 NaCl, 5 KCI, 1.3 MgSO4¢7H,0, 2.5 CaCl,*2H,0, 1 NaH,PO4*H,0,
16.2 NaHCOg3, 11 D-glucose, and 10 HEPES, osmolarity ~300 mOsm) and allowed to rest
for ~1 hr. All solutions were bubbled with a 95% 0,-5% CO, mixture.

Image acquisition and processing—Slices were submerged in oxygenated aCSF
(32°C), which was superfused throughout the experiments. Fluorescence images were
captured at 5 Hz with an Olympus FVV1000 upright microscope equipped with 25X 1.05NA
Ultra-objectives driven by a femtosecond pulsed MaiTai DeepSee laser (Spectra Physics)
tuned to 890nm excitation. After acquisition, images were processed through the use of FI1JI
and FluoroSNNAP (Patel et al., 2015). ROIs were identified from image stacks, which were
motion corrected. The AF/F record was calculated by subtracting raw fluorescence values
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with the mean of the lower 50% of previous 10 sec values and dividing by the mean of the
lower 50% of previous 10 sec values (Patel et al., 2015). This AF/F record was then used to
infer the underlying spike probability using the algorithms described by Vogelstein et al.
(2010).

Cocaine self-administration

Self-administration chambers—Behavioral testing was conducted in 20 standard
operant self-administration chambers equipped with retractable levers, green and white
stimulus lights, a house light, and a metal grid floor that was connected to a grid floor
scrambler (MedAssociates). The front wall housed two white stimulus lights, one located
above each lever, and a green stimulus light mounted above the white stimulus light above
the active lever. The back wall contained a white house light. A syringe pump, located
outside of the box, delivered cocaine via tubing attached to a swivel and the catheter
backport. All tubing was attached to a suspended swivel, which allowed rats to move freely
within the chambers.

Cocaine self-administration: FR training—At least 5 days following catheter
implantation, rats were trained, during their light cycle, to lever press for cocaine on an FR5
schedule. This included 4 days of training on an FR1 schedule and 2 days of training on an
FR3 schedule, after which an FR5 schedule of reinforcement was maintained for the
duration of self-administration. The beginning of the session was indicated by insertion of
the two levers into the chamber. Completion of the FR on the active lever resulted in a single
cocaine infusion (0.4 mg/kg/infusion in 50 pl over 2.8 s) and illumination of the stimulus
light above the active lever (4 s). Responses on the inactive lever had no programmed
consequences (i.e., no cocaine and no light). Additional presses on the active lever during
the cue light presentation were recorded, but did not yield any additional cocaine (i.e., 4 s
time-out). The location of the active lever was counterbalanced across rats. The session
ended after 3 hours or when rats received 20 cocaine infusions, whichever came first.

Experimental Design

Prolonged intermittent access self-administration (IntA SA)—Following
completion of FR5 training, rats underwent 37 sessions of intermittent access to cocaine.
This procedure was based upon self-administration methods presented in Deroche-Gamonet
et al. (2004) and Zimmer et al. (2012). A single session consisted of 5 min access to cocaine
(“cocaine available™) followed by a 25-min time-out period (“cocaine not available™). This
cycle repeated for a total of 155 min (6 cocaine-available periods and 5 cocaine not available
periods). Completion of an FR5 during the “cocaine available” periods resulted in a single
cocaine infusion (0.4 mg/kg/infusion in 50 ul over 2.8 s) and illumination of the stimulus
light above the active lever (4 s). The levers remained extended during the “cocaine not
available” periods, and both the number of active and inactive responses made during this
period was recorded, but resulted in no programmed consequences. Constant illumination of
the white house light signaled the “cocaine not available” periods while extinction of the
white house light signaled the “cocaine available” periods.
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Addiction risk screening—After 37 days of IntA cocaine SA, 3 tests of addiction-like
behavior were administered. All tests were separated by 3 sessions of IntA SA.

1.

Persistence of drug-seeking behavior. During sessions 38, 39, and 40 of IntA SA,
the number of active responses made during the “cocaine not available” periods
were recorded.

Motivation to obtain drug. In order to measure motivation to obtain drug, the
breakpoint in a progressive ratio schedule of reinforcement was measured.
During the progressive ratio test, the number of responses required to earn each
successive cocaine infusion increased using the following progression, as
outlined in Deroche-Gamonet et al. (2004): 5, 10, 20, 30, 45, 65, 85, 115, 145,
185, 225, 275, 325, 385, 445, 515, 585, 665, 745, 835, 925, 1025, 1125, 1235,
1345, 1465, 1585. During the session the house light remained off to signal that
drug was available. The session was terminated after 5 h or when 1 h elapsed
since the previously completed ratio.

Continued drug-seeking despite adverse consequences. To measure continued
drug use despite negative consequences, the animals’ responding for drug when
drug delivery was associated with punishment was assessed. This session
followed the same structure as daily IntA SA, except that drug infusions were
paired with a brief foot shock (see Deroche-Gamonet et al. (2004)). During the
“cocaine available periods”, the first active lever press (FR1) resulted in
illumination of the green cue light, signaling the presence of shock. Completion
of the fourth active lever press (FR4) resulted in an electric shock (0.2 mA, 1s).
Upon completion of the fifth lever press (FR5), rats received both an electric
shock (0.2 mA, 1 s) and a cocaine infusion (0.4 mg/kg), along with presentation
of the associated cocaine cue light. The green cue light was then extinguished. If
after completion of the FR1, rats failed to complete the FR4 or FR5 within 1
min, the green cue light was extinguished and the sequence was reinitiated.

High- and low-risk phenotype classification—Rats were ranked for each of the
addiction-like behaviors independently based on the classification system outlined in
Deroche-Gamonet et al. (2004). The following measurements to rank rats for each behavior

were used.

1.

Persistence of drug-seeking behavior. To classify animals, the average number of
responses during the no-drug available periods were averaged over sessions 38,
39, and 40 of IntA SA.

Motivation to obtain drug. The last ratio completed (“breakpoint”) was used as
an index of motivation.

Continued drug-seeking despite adverse consequences. The change in the
number of cocaine infusions earned when associated with an electric foot shock
compared to the prior baseline IntA SA session (expressed as a percent change)
was used.
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If rats fell within the top 40% of the group for a behavior, they received a score of 1, and if
they did not they received a score of 0. The scores were then summed, and rats that received
a combined score of 2 or 3 were classified as having a “high-risk™ addiction phenotype
whereas rats the received a combined score of 0 or 1 were classified as having a “low-risk”
addiction phenotype.

Addiction-risk testing—We next assessed the effect of transiently decreasing activity of
dMSNs on the 3 measures of addiction-like behavior. Prior to the first test session, rats in the
high- and low-risk groups were divided into CNO or Vehicle (VEH) pretreatment groups.
Rats received the same treatment prior to each test session (i.e., rats in the CNO group
received CNO prior to each test and rats in the VEH group received VEH prior to each test).
Groups were matched based on their behavior during the baseline addiction-like tests.
Twenty min prior to each test session, rats received an /p injection of either CNO (5mg/kg)
or VEH. Injections were given prior to 2 sessions to assess persistence of drug-seeking
behavior, 1 session to assess motivation to obtain drug, and 1 session to assess continued
drug-seeking despite negative consequences. The structure of the sessions was identical to
what is described above. All tests were separated by 3 sessions of IntA SA.

Rats underwent extinction training at the conclusion of the addiction-risk tests. During these
60-min sessions, responses on the active lever had no programmed consequences (i.e., no
cocaine delivery or illumination of the cue light). Rats underwent extinction training for at
least 10 days, or until they pressed the active lever less than 25 times for 2 consecutive days.

Cue-induced reinstatement of cocaine-seeking

After rats reached extinction criteria, they underwent 2 tests of cue-induced reinstatement of
cocaine-seeking. 20 min prior to the test session, rats received injections of VEH or CNO (5
mg/kg). The order of drug pre-treatment was counterbalanced across rats. Rats were then
connected to the infusion line and placed into the chamber. The session began with
extension of the levers into the chamber and illumination of the cue light above the active
lever for 10 s. Subsequently, completion of an FR5 on the active lever resulted in 4 s
presentation of the cocaine-associated cue light. Rats underwent additional extinction
training between the cue-induced reinstatement sessions until they met criteria again (2
consecutive days of less than 25 lever presses).

Sucrose self-administration, extinction, and cue-induced reinstatement of sucrose-seeking

Sucrose self-administration was similar to FR training for cocaine self-administration. At
least 5 days following viral infusions, rats were trained, during their light cycle, to lever
press for sucrose pellets on an FR5 schedule. This included 4 days of training on an FR1
schedule and 2 days of training on an FR3 schedule, after which an FR5 schedule of
reinforcement was maintained for the duration of self-administration. Rats then underwent 2
weeks of FR5 sucrose self-administration. The beginning of the session was indicated by
insertion of the two levers into the chamber, which remained extended for the entire 60-min
session. There was no limit to the number of pellets rats could earn during any session.
Completion of the FR on the active lever resulted in delivery of a single sucrose pellet (Bio-
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Serv) and illumination of the stimulus light above the active lever (4 s). Responses on the
inactive lever had no programmed consequences (i.e., no sucrose pellet and no light).
Additional presses on the active lever during the cue light presentation were recorded, but
did not yield any additional sucrose pellets (i.e., 4 s time-out). The location of the active
lever was counterbalanced across rats. Rats were rank ordered by the total number of sucrose
pellets that were consumed over the 2 weeks of FR5 self-administration. Rats that fell within
the top 40% of the group for consumption were classified as “high-responders” and the rest
of the rats were classified as “low-responders.” Rats next underwent extinction training for
at least 4 days, or until rats pressed the active lever less than 25 times for 2 consecutive days.
Cue-induced reinstatement sessions were identical to those described for reinstatement of
cocaine-seeking.

Immunohistochemistry

Accuracy of injection coordinates was confirmed by visualization of mCherry
immunofluorescence in DMS. Rats were anesthetized with Beuthanasia-D (Patterson
Veterinary) and perfused transcardially with PBS (pH 7.4) followed by 4%
paraformaldehyde (PFA). Brains were extracted, post-fixed overnight in 4% PFA, and sliced
into 60 um sections on a vibrating microtome. Floating sections were washed in 0.5%
Triton-X/PBS for 10 min, blocked in 0.25% Triton-X/5% normal goat serum (NGS)/PBS for
2 h, and incubated in 0.25% Triton-X/2.5% NGS/PBS containing an antibody to mCherry
(1:400, rabbit host; Clontech) with gentle agitation at room temperature overnight. Next,
sections were rinsed 4 times in PBS and incubated in anti-rabbit Alexa 568 (red)-conjugated
secondary antibody (1:400; Invitrogen) for 2 h. Sections were then washed 2 times in PBS,
mounted on slides, and cover-slipped with Vectashield mounting medium with DAPI (Vector
Labs). Z-stacks were captured using a Zeiss LSM 710 Confocal microscope, and images
were processed using ImageJ software (National Institutes of Health).

Statistical analysis

GraphPad Prism 6 was used for all statistical analyses. Group differences between low- and
high-risk phenotypes in the number of responses made during the “cocaine not available”
periods, the final ratio (“breakpoint”) completed in the progressive ratio test, the change in
the number of infusions earned when infusions were associated with punishment, and the
total number of drug infusions earned across sessions were analyzed with unpaired t-tests.
Two-way repeated measures ANOVA (risk phenotype x session) were used to analyze group
differences in the number of responses made during the “cocaine not available” periods, the
number of infusions or pellets earned, and extinction responses across sessions. A two-way
repeated measures ANOVA (risk phenotype x pretreatment) was used to analyze differences
in cocaine cue-induced reinstatement and sucrose cue-induced reinstatement (pretreatment x
phase). A two-way ANOVA was used to assess the effects of CNO on addiction-like
behaviors (risk phenotype x pretreatment). All ANOVA analyses were followed by Sidak’s
multiple comparison’s tests as appropriate. A paired t-test was used to compare inferred
spike activity rates before and after CNO application for calcium imaging experiments. For
all comparisons, a < 0.05. Data is graphed as mean = SEM.

Ad(dict Biol. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yager et al. Page 9

RESULTS

Differences in addiction-like behaviors between high- and low-risk phenotypes

A summary of the experimental design is shown in Figure 1A. All rats included in the final
analysis (n=27) acquired and maintained stable levels of cocaine self-administration and
learned to discriminate between the active and inactive levers (data not shown). High- (n=12,
consisting of nine 2-criteria and three 3-criteria rats) and low- (n=15, consisting of six 1-
criteria and nine O-criteria rats) risk phenotypes differed on all measures of addiction-like
behavior, confirming that response heterogeneity existed among each of the 3-criteria.

Persistence of drug-seeking behavior—To determine the persistence of drug-seeking
behavior, we recorded the number of active responses made during the “cocaine not
available” periods of each session of IntA SA. During the final 3 sessions of IntA SA
(averaged together), high-risk rats made more responses on the active lever during the
“cocaine not available” periods than low-risk rats (Figure 1B; t-test, ty5=4.29, P=0.0002).
Additionally, this increased drug-seeking during signaled periods of drug was seen across
days of training (Figure 1C; 2-way RM ANOVA, main effect of session F(3g 975)=10.49,
P<0.001; main effect of phenotype F(; 25=9.96, P=0.004; no session x phenotype interaction
F(3gyg75):0.93, P:0.59).

Motivation to obtain drug—To determine the motivation to obtain drug, we measured
the breakpoint in a progressive ratio schedule of reinforcement. High-risk rats reached
higher breakpoints during the progressive ratio test than low-risk rats (Figure 1D; t-test,
to5=5.59, P<0.0001).

Continued drug-seeking despite adverse consequences—To assess continued
drug use despite negative consequences, we measured responding for drug when drug
delivery was associated with punishment (brief, mild foot shock). While both high- and low-
risk phenotypes reduced responding during this session, high-risk rats showed a lower
reduction in the number of infusions earned during this session compared to baseline
responding than low-risk rats (Figure 1E; t-test, t,5=2.06, P=0.05).

Cocaine intake—While high- and low-risk phenotypes differed in the three measures of
addiction-like behavior, they had minimal differences in the total amount of infusions earned
(Figure 1F; t-test, t)5=2.01, P=0.06). Furthermore, across days of training, both groups
escalated the amount of infusions earned at a similar rate (Figure 1G; 2-way RM ANOVA,
main effect of session F (39 975)=7.22, P<0.001; no main effect of phenotype F(; 75)=2.95,
P=0.10; no session x phenotype interaction F(3g 975)=0.82, P=0.78). These results suggest
that although there was a trend toward increased consumption in the high-risk phenotype
group, the amount of drug consumed was unlikely to be the sole factor for the differences in
behavioral phenotype.
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Intersectional viral vector approach results in transgene expression in dorsomedial striatal
neurons that project to SN (i.e., dAMSNSs)

We used a Cre-dependent, intersectional viral vector approach to selectively express hMyDi
receptors in dMSNs. Specifically, rats received bilateral injections of CAV2-Cre into the SN
and a Cre-dependent AAV expressing hMy4Di into the DMS (Figure 2A). This approach
resulted in robust expression of hM4Di in cell bodies of dMSNs of the DMS as well as in
axons/terminals in the SN (Figure 2B).

Expression of hM4Di in dMSNs reduces their activity

There is abundant evidence that activation of hMy4Di receptors by CNO reduces neuronal
activity (for review see Sternson and Roth, 2014). This effect has been documented in
dMSNs of both the DMS and the nucleus accumbens (Ferguson et al., 2011; Calipari et al.,
2016). To verify that the DREADD manipulation was, in fact, reducing activity of dMSNs,
we performed ex vivo calcium imaging in DMS slices that expressed both hM4Di and
GCaMP6m in dMSNs (Figure 2C; cells identified by co-expression of green and red
fluorescence). Application of CNO (10 uM) significantly reduced the spike activity rate
inferred from the AF/F record in dMSNs of DMS (Figure 2E; paired t-test, ts=3.91, P=0.01),
confirming that activation of hM,4Di receptors in dMSNs is sufficient to reduce neuronal
activity.

Decreasing activity of dAMSNs does not alter addiction-like behaviors of high- and low-risk

phenotypes

We next tested whether dAMSN activity regulates the 3 measures of addiction-like behavior.
Following completion of IntA SA and screening for addiction risk, rats received injections of
either vehicle or CNO (5 mg/kg, ip) 20 minutes prior to each test session for addiction-like
behaviors (Figure 3A).

Drug intake—We found that reducing activity of dMSNs during IntA SA had no effect on
the number of infusions earned averaged across 2 test sessions (Figure 3B; 2-way RM
ANOVA, no main effect of treatment F(; »3)=0.60 P=0.45; no main effect of phenotype
F(1,23=1.80, P=0.19; no treatment x phenotype interaction F; »3)=0.00005, P=1.00).

Persistence of drug—seeking—Decreasing activity of dMSNs also had no effect on the
number of responses made during the “cocaine not available” periods averaged across 2 test
sessions (Figure 3C; 2-way RM ANOVA, no main effect of treatment F(; »3)=0.16, P=0.69;
main effect of phenotype F(; »3)=16.80, P=0.0004; no treatment x phenotype interaction
F(1,23=0.02, P=0.88).

Motivation to obtain drug—Decreasing activity of dMSNs had no effect on the final
breakpoint completed during the progressive ratio test (Figure 3D; 2-way RM ANOVA, no
main effect of treatment F(; 23=0.93, P=0.34; main effect of phenotype F(; 23)=10.98,
P=0.003; no treatment x phenotype interaction F(y »3)=0.22, P=0.65).

Continued drug-seeking despite adverse consequences—In contrast to the initial
screening test, there were no differences between low-risk and high-risk rats in the number
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of infusions earned when infusions were paired with the negative consequence of a brief,
mild foot shock during a second test session (Figure 3E; 2-way RM ANOVA, no main effect
of phenotype F(; 23)=0.01, P=0.92). Additionally, decreasing activity of dMSNs had no
effect on this behavioral metric of addiction (Figure 3E; 2-way RM ANOVA, no main effect
of treatment F(y 23)=0.05, P=0.82; no treatment x phenotype interaction F(y 3,=0.27,
P=0.61).

Decreasing activity of dMSNs attenuates cocaine cue-induced reinstatement in the high
risk-addiction phenotype but not in the low-risk addiction phenotype or in sucrose cue-
induced reinstatement

Cocaine cue-induced reinstatement—\We next explored whether dMSNs regulate
relapse behavior, specifically reinstatement of drug-seeking behavior by a cocaine-
associated cue (Figure 3A). Following completion of self-administration and the addiction
risk tests, rats underwent extinction training. Only rats that met the extinction criteria, less
than 25 responses on the active lever for 2 consecutive days, were included in the analysis
(n=22). Both high- (n=9, consisting of six 2-criteria and three 3-criteria rats) and low- (n=13,
consisting of eight O-criteria and five 1-criteria rats) risk phenotypes decreased responding
across sessions (Figure 3F; 2-way RM ANOVA, main effect of session F(g 180)=45.38,
P<0.0001) and there were no group differences overall (Figure 3F; 2-way RM ANOVA, no
main effect of phenotype F(1 20y=2.17, P=0.16). However, active responses across sessions
varied as a function of phenotype (Figure 3F; 2-way RM ANOVA, session x phenotype
interaction Fg 189)=2.00, P=0.04), which was due to lower responding in the low-risk group.
These data suggest that low-risk rats were extinguishing at a faster rate than high-risk rats.

Following extinction training, rats received injections of vehicle or CNO (5 mg/kg, /p) in a
counterbalanced order 20 min prior to two cue-induced reinstatement tests (additional
extinction training was given between tests). We found that although both groups of rats
increased their number of active lever presses during cue-induced reinstatement compared to
extinction (Figure 3G, 2 way RM ANOVA, main effect of phase F(; 20)=58.31, P<0.0001;
main effect of phenotype F(1 20y=7.91, P=0.01; phase x phenotype interaction F(; 0)=9.37,
P=0.006), high-risk rats reinstated more than low-risk rats (P=0.004). In addition, decreasing
activity by CNO treatment reduced reinstatement in the high-risk rats to the level observed
in low-risk rats (Figure 3G; 2-way RM ANOVA, main effect of phenotype F( 20)=6.78,
P=0.10; main effect of treatment F(; 50)=22.87, P=0.0001; phenotype x treatment interaction
F(1,20=5.07, P=0.04). Of note, there were no differences in responding during either test
between animals that had previously received repeated VEH treatments and those that
received repeated CNO treatments (data not shown), suggesting that multiple CNO
injections were not contributing to the observed effects on reinstatement. Finally, we also
examined the effect of CNO on cue-induced reinstatement in rats that were excluded from
the study due to absence of viral expression (i.e., the “miss” group). There was no effect of
CNO on reinstatement in either low-risk or high-risk rats in this control group (Figure 3H; 2-
way RM ANOVA, main effect of phenotype F; 5=13.14, P=0.02; no main effect of
treatment F(; 55=0.02, P=0.89; no phenotype X treatment interaction F(; 5)=0.0004, P=0.98),
suggesting that CNO was not producing off-target effects on responding during cue-induced
reinstatement.
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Sucrose cue-induced reinstatement—We next wanted to assess whether dMSNs
specifically regulate motivation for cocaine-associated cues or if this effect extends to cues
associated with a natural reward. To test this, an independent cohort of rats was trained to
self-administer sucrose. A summary of the experimental design is shown in Figure 4A.
Following completion of sucrose self-administration, rats were divided into low-responder
(n=8) and high-responder (n=6) phenotypes based on their rank-ordered level of sucrose
consumption. Although both groups increased the amount of pellets earned over training
(Figure 4C; 2-way RM ANOVA, main effect of session F(13 156)=3.72, P<0.0001), the high-
responder group had approximately twice the intake of the low-responder group (Figure 4B;
t-test, t12=5.39, P=0.0002; Figure 4C; 2-way RM ANOVA, main effect of phenotype
F(1,12)=17.08, P=0.001). Rats then underwent extinction training, and both groups rapidly
extinguished responding across sessions (Figure 4D; 2-way RM ANOVA, main effect of
session F(3 36)=46.8, P<0.001; no main effect of phenotype F(; 12)=0.16, P=0.70; no session
X phenotype interaction F 3 36)=1.18, P=0.33). Following extinction training, rats received
injections of vehicle or CNO (5 mg/kg, /p) in a counterbalanced order 20 min prior to two
sucrose cue-induced reinstatement tests (rats received additional extinction training between
tests). We found that both groups reinstated to cues associated with sucrose-seeking;
however, there was no difference in the degree of reinstatement (Figure 4E; 2-way RM
ANOVA, main effect of session F(; 12)=14.1, P=0.003; no main effect of phenotype
F(1,12)=0.19, P=0.67; no session x phenotype interaction F(; 17y=0.03, P=0.86). In addition,
decreasing activity of dMSNs had no effect on sucrose cue-induced reinstatement in either
group (Figure 4E, F; 2-way RM ANOVA, no main effect of treatment F 12)=0.03, P=0.86;
no main effect of phenotype F(1 12)=1.01, P=0.34; no treatment x phenotype interaction
F(1,12)=0.94, P=0.35), suggesting that dMSNs do not modulate reactivity to all classes of
reward-associated cues.

DISCUSSION

In order to examine the role of AMSNS in patterns of drug use that are characteristic of
addiction, we used a prolonged, intermittent access cocaine self-administration paradigm. Of
note, we found that animals that were classified as having a high-risk addiction phenotype
(i.e., displayed loss of control over drug-seeking, high motivation to obtain drug, continued
drug-seeking despite negative consequences) had higher levels of cue-induced reinstatement
relative to animals that were classified as having a low-risk phenotype, suggesting they were
more susceptible to relapse. This result is consistent with previous work that characterized
animals based on their level of drug prime-induced reinstatement, and reported that rats with
the highest levels also had greater amounts of cue-induced reinstatement as well as higher
levels of the three addiction criteria measured in the present study (Deroche-Gamonet et al.,
2004). In addition, these behavioral differences manifested despite the fact that the overall
pattern of drug use and amount of drug intake were largely the same across animals. Thus,
this model afforded the opportunity to investigate the contribution of dMSNSs in both
controlled and pathological drug-taking and drug-seeking behaviors.

Given that chronic exposure to cocaine produces a host of cellular and molecular adaptations
in dMSNSs and these neurons are part of the pathway that, when activated by dopamine, is
thought to initiate motivated behaviors (Berke and Hyman, 2000; Nestler, 2001; Moussawi
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etal., 2011; Yager et al., 2015), we hypothesized that chemogenetic inhibition of dMSNs
would decrease drug-taking and drug-seeking behaviors across groups. Surprisingly, we
found that manipulating activity of dMSNs had no effect on drug intake nor on persistence
of drug-seeking, motivation to obtain drug or drug-seeking during punishment. This lack of
behavioral modulation was seen in both the high-risk and low-risk addiction phenotypes.
While these findings may seem contradictory to previous work that demonstrated a role for
dMSNs in the reinforcing and sensitizing effects of psychostimulant drugs, there are a
number of important distinctions between studies that must be considered. For example,
previous work using cell-specific targeting methods to modulate activity utilized behavioral
paradigms (conditioned place preference, locomotor sensitization) that assessed different
aspects of addiction and studied the role of dMSNSs in the acquisition of these behaviors
(Hikida et al., 2010; Lobo et al., 2010; Ferguson et al., 2011). In the present study, we
examined the effect of cellular inhibition following protracted cocaine self-administration
during drug use. Although pharmacological studies have shown that dopamine D1 receptors
in the striatum (which are expressed primarily on dMSNs) can modulate drug intake and
motivation for drugs during self-administration (Self, 2010), D1 receptor ligands lack
sufficient specificity to conclude that the reported effects were only a result of direct
pathway modulation.

In addition, the vast majority of studies examining the role of dMSNs have focused on the
nucleus accumbens (Lobo and Nestler, 2011; Yager et al., 2015), so it is unknown whether
the results would extend to the dorsal striatum. We chose to study dMSNs in dorsomedial
striatum in the present set of experiments because the neural substrates that underlie drug-
taking and drug-seeking are thought to shift from the nucleus accumbens to the dorsal
striatum over time (Everitt and Robbins, 2005, 2016), and we used a lengthy drug self-
administration paradigm in order to produce compulsive-like drug use in a subset of rats
(i.e., the high-risk addiction phenotype). Thus, it remains to be determined whether dMSNs
in other striatal regions can regulate motivation and drug-seeking during controlled or
compulsive drug use.

Nonetheless, we did find that dMSNs in dorsal striatum play a critical role in reinstatement
of drug-seeking following extinction of cocaine self-administration. Specifically, decreasing
activity of these neurons during cue-induced reinstatement reduced drug-seeking in the high-
risk phenotype group without altering drug-seeking in the low-risk phenotype group. In
addition, chemogenetic inhibition of AMSNs had no effect on reinstatement to cues
associated with sucrose self-administration in both low and high consumers of sucrose.
Taken together, the results from the current experiments suggest that dMSNs in dorsomedial
striatum play a very specific role following prolonged drug use, which is to regulate
pathological, cue-driven drug-seeking in the absence of drug use. Only one study has
previously examined the contribution of dMSNSs in relapse, and that study reported that
optical inhibition of dMSN projections from the nucleus accumbens core to the substantia
nigra had no effect on reinstatement of drug-seeking induced by cocaine + cues (Stefanik et
al., 2013). Although there are numerous procedural differences between that study and ours
that can account for the disparate results, including variation in the targeted striatal sub-
regions, self-administration and reinstatement protocols and methods for cellular
modulation, their data are consistent with the lack of effect we observed in the low-risk

Ad(dict Biol. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yager et al.

Page 14

phenotype. In addition, given that they used a fairly limited self-administration schedule
(~12 sessions), it is unlikely that the animals in that study displayed a compulsive drug-
seeking/taking phenotype.

It should be noted that recent work has highlighted potential off-target behavioral effects of
CNO that could be mediated through conversion of CNO to clozapine (Gomez et al., 2017;
MacLaren et al., 2016). In the present study, we used a vehicle DREADD control in order to
obtain baseline measures of behavior and use a within-subject design for the reinstatement
tests. We did not find differences in drug intake, in the three addiction criteria, or in
reinstatement to cues associated with sucrose self-administration between CNO and vehicle
groups, suggesting that 5 mg/kg CNO does not produce non-DREADD mediated behavioral
effects on these measures. In addition, we did not find effects of CNO on cue-induced
reinstatement in rats that had failed viral injections (i.e., no DREADD receptor expression).
Finally, we and others have previously shown that CNO has no effect on cue-induced or
drug-primed reinstatement of cocaine-seeking in GFP-injected or no virus control rats
(Kerstetter et al., 2016; Mahler et al., 2014) or in rats with DREADD expression in subsets
of thalamic projection neurons (Wunsch et al., 2017). Thus, it is unlikely that the effects on
cue-induced reinstatement to cocaine-seeking observed in the present work are a result of
off-target CNO actions.

The direct and indirect pathways have long been proposed to mechanistically and
functionally oppose one another to modulate addiction-related behaviors (Albin et al., 1989;
Gerfen and Surmeier, 2011; Calabresi et al., 2014). It is worth noting, therefore, that recent
work examining the role of iMSNs in cocaine self-administration reported that
chemogenetic inhibition of iMSNs in the nucleus accumbens - but not the dorsal striatum -
enhances the motivation for cocaine (Bock et al., 2013). In addition, cocaine + cue-induced
reinstatement of drug-seeking was blocked by optical inhibition of iMSNs projections from
the nucleus accumbens core to the ventral pallidum (Stefanik et al., 2013). Although these
studies involved fairly limited cocaine self-administration experience; together with our
results, they challenge the notion that a simple balance in activity between the direct and
indirect striatal pathways accounts for the regulation of all aspects of drug use. Instead, it
appears that direct and indirect pathway modulation of drug addiction is more nuanced, such
that each striatal pathway may govern distinct aspects of drug-related behaviors, or perhaps
in some cases, concomitant activation of both pathways is necessary, as has recently been
shown to be the case for modulation of movement (Calabresi et al., 2014). Although dMSNs
collateralize to iMSNs, we have previously shown that activation of hM,4Di receptors in
dMSNs does not alter activity in neighboring hM4Di-negative cells (Ferguson et al., 2011).
Nonetheless, given that a subset of dMSNs are also known to collateralize to the GPe (Parent
et al., 2000), it is possible that dMSN-mediated inhibition of both pathways contributed to
the dampening of cue-induced reinstatement seen in the high-risk phenotype.

In summary, the present work identifies a novel and specific role for dMSNSs in dorsomedial
striatum in regulating cue-induced reinstatement of drug-seeking behavior only in rats
exhibiting a high-risk addiction phenotype. A critical aspect of any successful
pharmacological treatment for drug addiction involves a therapeutic agent that can dampen
drug-craving in addicts without altering normal motivational processes. The findings from
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these experiments have important implications for addressing this critical treatment
requirement, as they suggest that reducing activity of dorsomedial striatum dMSNs is
capable of reducing pathological drug urges without altering normal cue-driven associations
and motivated behavior. Thus, selective targeting of dMSN neuronal activity may prove to
be a highly effective treatment for reducing relapse in recovering addicts.
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SIGNIFICANCE STATEMENT

Drug use and abuse continue to pose a major public health crisis that has profound
medical consequences to individuals, as well as serious social and economic impacts on
our society. Unfortunately, treatment options remain limited, in part due to our
incomplete understanding of the cells and circuits that regulate recreational drug use as
well as those that underlie drug addiction and relapse. The present set of experiments
sought to address the role of striatal cells that project to the substantia nigra (i.e., the
direct/’go’ pathway) in casual and pathological drug use. The findings from this work
reveal a novel and specific contribution of direct pathway cells in addiction, which is to
regulate drug-seeking following compulsive drug use.
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Figure 1.

Prolonged drug use produces low- and high-risk addiction phenotypes. A, Illustration of the
experimental paradigm. Addiction risk screening occurred following 37 sessions of cocaine
self-administration and included tests for loss of control over drug intake (Seeking), high
motivation to obtain drug (Progressive ratio, PR) and drug use despite negative
consequences (drug infusions paired with foot shock, Punish). Each test was separated by
three baseline (BL) sessions. B—-E, Low- and high-risk addiction phenotypes showed a
significant difference in the number of active responses made during no drug periods (B,
data averaged across the last 3 training sessions, ***p=0.001 vs. low-risk addiction

= =P

phenotype and C, #main effect of phenotype, p=0.004; ##main effect of session, p<0.001.),
in the breakpoint reached on a PR schedule of reinforcement (D, ***p=0.001 vs. low-risk
addiction phenotype), and in the percent of baseline infusions earned when infusions were
paired with foot shock (E, *p<0.05 vs. low-risk addiction phenotype.) F,G, Total infusions
(F) and the number of infusions earned across training (G) did not differ between low- and
high-risk addiction phenotypes. White bars/symbols represent the low-risk addiction
phenotype and grey bars/symbols represent the high-risk addiction phenotype. Black dots
represent data points of individual animals. N=12-15/group.
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Figure 2.
Chemogenetic inhibition of direct pathway striatal neurons (dMSNSs) reduces neuronal

activity. A, (Top) Illlustration of the intersectional viral vector approach: A Cre-recombinase
(Cre)-dependent AAV vector expressing hM4Di was injected into the dorsomedial striatum
and a retrograde CAV2-Cre virus was injected into the substantia nigra (SN). (Bottom) Viral
spread is depicted in red. Dark shading indicates areas of expression common to all animals
and light shading indicates areas of expression that varied across animals. B, Representative
sections of mCherry-tagged hM4Di immunofluorescence in the striatum (top) and in
terminals in the SN (bottom) at ~4 months following viral infusions. Scale bar, 50 um C,
Representative section of GCaMP6m fluorescent expression in dMSNs following viral
infusion. Scale bar, 20 pm. D, Representative calcium events (measured as AF/F) in dAMSNs
at baseline (top), following 10 um CNO (middle) and following CNO washout (bottom). E,
Calcium events were significantly reduced in dMSNs following CNO exposure (grey bar)
compared to ACSF (white bar). **p=0.01 vs. baseline. Black dots represent data points of
individual animals. N=6.
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Figure 3.
Chemogenetic inhibition of direct pathway striatal neurons (dMSNSs) reduces cue-induced

reinstatement of drug-seeking only in the high-risk addiction phenotype. A, Hllustration of
the experimental paradigm. B-E, Low- and high-risk addiction phenotypes showed a
significant difference in the number of active responses made during no drug periods (C,
data averaged across 2 test sessions, ***main effect of phenotype, p=0.0004) and in the
breakpoint reached on a PR schedule of reinforcement (D, main effect of phenotype,
p=0.003) but not in the number of infusions earned averaged across 2 test session (B) or in
the percent of baseline infusions earned when infusions were paired with foot shock (E).
Decreasing dMSN activity had no effect on the number of earned infusions averaged across
2 test sessions (B), the number of active responses made during no drug periods averaged
across 2 test sessions (C), the breakpoint reached on a PR schedule of reinforcement (D), or
the percent of baseline infusions earned when infusions were paired with foot shock (E) in
either low-risk or high-risk addiction phenotypes. F, Active (but not inactive) responses
during extinction varied over session between low-risk and high-risk addiction phenotypes
(*session x phenotype interaction, P=0.04), but both groups extinguished responding. G,
Both low-risk and high-risk addiction phenotypes showed a significant increase in the
number of active responses made during cue-induced reinstatement compared to extinction
(**P=0.004, ****P<0.0001 vs. extinction); however, the high-risk addiction phenotype
showed a greater level of cue-induced reinstatement compared to the low-risk phenotype
(**P=0.004 vs. low-risk phenotype). Decreasing dMSN activity significantly reduced the
number of active responses made during cue-induced reinstatement only in the high-risk
addiction phenotype (***P=0.0004 vs. vehicle treatment in the high-risk phenotype). H, In
the viral injection “miss” group, the high-risk addiction phenotype showed a significant
increase in the number of active responses made during cue-induced reinstatement compared
to the low-risk phenotype (**P=0.02 vs. low-risk phenotype). However, there were no
differences in cue-induced reinstatement between vehicle and CNO treatment in either
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phenotype. Lower error bars indicate inactive presses, which did not differ across groups.
White bars represent vehicle (VEH) treatment and dark grey bars represent CNO treatment
except in F where white symbols represent the low-risk addiction phenotype and grey
symbols represent the high-risk addiction phenotype. Circles represent active responses and
squares represent inactive responses. Black circles and squares represent data points of
individual animals. N=3-13/group.

Ad(dict Biol. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yager et al. Page 23

A Surgery FR Training FR5 Self-admin Extinction Reinstatement

— —— — — — =>
Day
0 56 12 13 26 27 30 31 34
B Sucrose Intake C Responses Across Training D Extinction
2000+ — 12007 OO Low 3004 O Low
3 O O High .
e b oo @ [ High
g‘l 500+ O @ @ Active
n n
2] ° S S
51000 o o 8 600 2
T ®eut 2 2
(o
5 5004 | °°° © ©
= Inactive
0- - 0 [TTTITTTTTT]
Low High 2 4 6 8 101214
Responders Session Session
E —— Cue-Induced Reinstatement — |
100~ CIEXT 100~ Low High
CJVEH n
o 75{ECNO ® 75
o} c
(2] o
c Q.
S g 50 /
(2]
& 2
3 251 g
<
2 ' 0
Low High VEH CNO VEH CNO
Responders Treatment
Figure 4.

Chemogenetic inhibition of direct pathway striatal neurons (d{MSNSs) has no effect on cue-
induced reinstatement to sucrose-seeking across phenotype A, Illustration of the
experimental paradigm. B,C, Low- (white) and high- (grey) responder phenotypes showed a
significant difference in the total number of pellets earned (B, ***p=0.0002 and C, **main
effect of phenotype, p=0.001). D, Active (grey circles) and inactive (white circles) responses
during 4 sessions of extinction training; extinction responding did not differ between groups.
E, The number of active responses were significantly increased in both phenotypes during
cue-induced reinstatement (*p<0.05 vs. extinction (EXT)). Decreasing dMSN activity had
no effect on the number of active responses in either phenotype during cue-induced
reinstatement (#p<0.05 vs. vehicle (VEH)). The number of inactive responses (lower error
bars) did not differ across groups. Light grey represents EXT, white represents VEH, dark
grey represents CNO. Black circles and squares represent data points of individual animals.
N=16.
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