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Abstract

Rationale—The development of addiction is accompanied by a shift in the mechanisms
motivating cocaine use from nucleus accumbens (NAc) dopamine D, receptor (D1R) signaling to
glutamate AMPA-kainate receptor (AMPA-R) signaling.

Objective—Here we determined whether similar shifts occur for NAc-D,R signaling and
following systemic manipulation of D1R, DR, and AMPA-R signaling.

Methods—Male rats were given short-access (20 infusions/day) or extended-access to cocaine
(24-hr/day, 96 infusions/day, 10 days). Motivation for cocaine was assessed following 14-days of
abstinence using a progressive-ratio schedule. Once responding stabilized, the effects of NAc-DoR
antagonism (eticlopride; 0-10.0 pg/side) and systemic D1R (SCH-23390; 0-1.0 mg/kg), DoR
(eticlopride; 0-0.1 mg/kg), and AMPA-R (CNQX; 0-1.5 mg/kg) antagonism, and NAc-dopamine-
R gene expression (Drd1/2/3) were examined.

Results—Motivation for cocaine was markedly higher in the extended- versus short-access group
confirming the development of an addiction-like phenotype in the extended-access group. NAc-
infused eticlopride decreased motivation for cocaine in both the short- and extended-access groups
although low doses (0.1-0.3-ug) were more effective in the short-access group and high doses
(3-10-ug/side) tended to be more effective in the extended-access group. Systemic administration
of eticlopride (0.1 mg/kg) was more effective in the extended-access group, and systemic
administration of CNQX was effective in the extended-, but not short-access group. NAc-Drd2
expression was decreased in both the short- and extended-access groups.

Conclusion—These findings indicate that in contrast to NAc-D1R, D2R remain critical for
motivating cocaine use with the development of an addiction-like phenotype. These findings also
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indicate that shifts in the mechanisms motivating cocaine use impact the response to both site-
specific and systemic pharmacological treatment.
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Administration

Introduction

Despite a decrease in the number of individuals in the US with a cocaine use disorder in the
past several years (2012-2018; Substance Abuse and Mental Health Services Administration,
2019), cocaine-related overdose deaths have increased by 52.7% within this time-frame
(Seth et al. 2018). While several factors likely contribute to overdose deaths, individuals
with prolonged abstinence appear to be at higher risk (Binswanger et al. 2012; Binswanger
et al. 2007; Seymour et al. 2000), perhaps due to the combined effects of precipitated cue-
induced craving over abstinence and a lowered physiological tolerance to the drug (Parvaz et
al. 2016). Considerable attention and resources have been allocated towards developing
pharmacological compounds to reduce craving and prevent relapse; however, these efforts
have been met with limited success.

Part of the problem may be that the models used for medications development still typically
use either non-contingent administration or short-access (ShA) self-administration (e.g.
Bornebusch et al. 2019; Gentile et al. 2018; Hammad et al. 2017; Neisewander et al. 2014)
which, while useful for determining vulnerability, generally do not capture critical features
of human cocaine addiction (Allain and Samaha 2019; Lynch 2018; Oleson and Roberts
2008; 2009; Zimmer et al. 2012). For example, when cocaine is available during short daily
sessions (1-2 hr/day), intake is relatively stable, and animals take roughly the same amount
of drug every day (Lynch and Carroll 2001; Roberts et al. 2007) and show low-to-moderate
levels of motivation for the drug and drug-seeking (Deroche-Gamonet et al. 2004; Doyle et
al. 2014; Piazza et al. 2000; Raméda et al. 2014; Vranjkovic et al. 2018). Yet in humans,
cocaine use disorder is characterized by compulsive use and high levels of craving and
motivation for the drug (American Psychiatric Association 2013; O’Brien 2005). These
characteristics can be captured in animals, particularly when access to the drug is extended
to six or more hours/day (for review see Koob and Kreek 2007; Lynch 2018; Negus and
Banks 2018; Yenniro et al. 2016). For example, animals given extended-access (ExA) to
cocaine (6-24/hr/day) under either continuous or intermittent-access schedules self-
administer cocaine in escalating or binge-abstinent patterns, and following protracted
abstinence, show marked increases in drug-seeking and motivation for the drug (for review
see Koob and Kreek 2007; Lynch 2018; Negus and Banks 2018; Venniro et al. 2016). While
these procedures are used extensively to determine neurobiological correlates of addiction-
like behaviors, particularly for drug-seeking/relapse (for review see Loweth et al. 2014;
Pickens et al. 2011; Wolf and Tseng 2012), few studies have used them to screen potential
medications or to determine neurobiological correlates of motivational aspects of addiction
(e.g. Doyle et al. 2014; Ducret et al. 2016; James et al. 2019; Pelloux et al. 2018; Ramda et
al. 2014; Schmeichel et al. 2017; Valenza et al. 2017). This is critical since the
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neurobiological changes are different following ShA versus ExA self-administration (e.g.
Ben-Shahar et al. 2007; Boudreau and Wolf 2005; Briand et al. 2008; Conrad et al. 2008;
Fischer et al. 2013; Greenwell et al. 2009; Hao et al. 2010; Nicolas et al. 2017; Zimmer et al.
2013; Zorrilla et al. 2012).

Considerable evidence from ShA self-administration studies indicates that dopamine (DA)
signaling in the nucleus accumbens (NAC) is critical for the reinforcing effects of cocaine
(Bibb et al. 1999; Kalivas and Volkow 2005; Willuhn et al. 2010). Signaling at the D1
receptor (D1R), in particular, is implicated as a marker for initial vulnerability to cocaine
(Bibb et al. 1999; Zhang et al. 2006) and results show that blockade of these receptors
prevents acquisition of cocaine self-administration, disrupts maintenance intake, and
decreases motivation for the drug (Bari and Pierce 2005; McGregor and Roberts 1993;
Pierce and Kumaresan 2006). In contrast, evidence from studies using ExA self-
administration indicate that the role of NAc-D1R signaling becomes diminished with the
development of an addiction-like phenotype (Doyle et al. 2014; Ram6a et al. 2014).
Specifically, we and others have shown that motivation for cocaine, as assessed under a
progressive-ratio (PR) schedule, markedly increases following protracted abstinence from
ExA, but not ShA cocaine self-administration (Doyle et al. 2014; Morgan et al. 2002;
Morgan and Roberts 2004; Morgan et al. 2005; Raméa et al. 2014). While NAc-D1R
antagonism dose-dependently reduced motivation for cocaine following ShA self-
administration, it was not effective following ExA self-administration (Ramda et al. 2014).
Notably, with the development of an enhanced motivation for cocaine, which has been used
to define the addiction-like phenotype, there is also a strengthening of the role of NAc
glutamatergic signaling (Doyle et al. 2014; Ramda et al. 2014). Specifically, we previously
showed that while NAc-AMPA-kainate receptor (AMPA-R) antagonism was without effect
following ShA self-administration, it dose-dependently reduced motivation for cocaine
following ExA self-administration (Doyle et al. 2014). These findings indicate that with the
development of an addiction-like phenotype, there is a shift in the mechanisms motivating
cocaine use from NAc-D1R to AMPA-R signaling. Findings in humans also indicate that
alterations in glutamatergic, rather than DAergic, signaling differentiate individuals with
cocaine use disorder from controls (Hemby et al. 2005; Martinez et al. 2009b; Meador-
Woodruff et al. 1993; Tang et al. 2003).

While the studies described above provide evidence for a diminished role of DA signaling
with the development of cocaine addiction, it is possible that DA signaling at D,Rs remains
involved. This view is supported by preclinical findings showing that following prolonged
ShA self-administration (4-hr/day for 3 weeks), the balance between D4R and D,Rs
becomes dysregulated (Edwards et al. 2007), with alterations in D,Rs showing a more
persistent time-course (Conrad et al. 2010). Similarly, human imaging studies show that
NAc-D2R availability is persistently decreased in cocaine users as compared to controls
(Volkow et al. 1993; Volkow et al. 1990; Volkow et al. 1997). However, other studies in
animals show no change in NAc-D2R as a result of EXA cocaine self-administration (Ben-
Shahar et al. 2007), and post-mortem tissue studies show no difference in D2R levels
between people who died from cocaine overdose and controls (Meador-Woodruff et al.
1993; Tang et al. 2003). Thus, the goal of the current study was to determine the role of
NAc-D,R in motivating cocaine use with the development of an addiction-like phenotype.
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To do so, we examined the effects of intra-NAc infusions of the D2R antagonist eticlopride
on motivation for cocaine (as assessed under a PR schedule) in male rats tested following
ExA (versus ShA) cocaine self-administration and 14-days of abstinence, conditions known
to induce an enhanced motivation for cocaine and heightened drug-seeking (Abel et al.
2019; Ben-Shahar et al. 2008; Doyle et al. 2014; Ramda et al. 2014; Venniro et al. 2016).
Based on our previous findings on NAc-D4R signaling (Raméa et al. 2014), we predicted
that the role of NAc-D2Rs would become diminished with the development of an addiction-
like phenotype. We also examined changes in NAc-DR, as well as D1R and D3R, at a
molecular level (gene expression).

A second goal of the current study was to determine whether similar mechanistic changes
can also be observed following systemic manipulation. This is important since medications
for substance use disorder are typically administered systemically in humans (i.e., oral
administration, de Lima et al. 2002). To address this question, we compared the effects of
systemic administration of D1R, D2R, and AMPA-R antagonists on motivation for cocaine
following ShA versus EXA self-administration. Based on findings in humans with a cocaine
use disorder suggesting better efficacy for glutamate versus dopamine-based
pharmacological treatments (Haile et al. 2013), we predicted that systemic administration of
DA and glutamate receptor antagonists would mirror effects observed following site-specific
modulation in the NAc (i.e. greater effects of DA receptor antagonism in the ShA versus
ExA group, and greater efficacy of AMPA-R antagonism in the ExA versus ShA group;
Doyle et al. 2014; Raméa et al. 2014).

Materials and Methods

Subjects.

Procedures

Adult male Sprague-Dawley rats (Charles River Laboratories, ME), weighing 380-410 g at
the start of the experiments, were used as subjects (N=131). Upon arrival, rats were housed
in individual operant chambers (Med Associates Inc, VT) in a temperature (20-22° C) and
humidity (40-70%) controlled vivarium and maintained on a 12-hr light/dark cycle (room/
house lights on at 7AM) with ad /ibitum access to food and water. After a 2-day acclimation
period, rats were pre-trained to lever-press for sucrose pellets using methods previously
described (fixed-ratio 1, FR1, =50 pellets/day, 2 consecutive days; Abel et al. 2019; Doyle et
al. 2014; Ramda et al. 2014). Following lever pre-training, rats underwent a jugular
catheterization surgery using methods previously described (Abel et al. 2019; Doyle et al.
2014; Ramoa et al. 2014). Catheters were maintained as described previously (Abel et al.
2019; Doyle et al. 2014; Raméa et al. 2014), and if no longer patent, a new catheter was
implanted into the left jugular vein with testing resuming after 2-days of recovery. All the
procedures were approved by the University of Virginia Animal Care and Use Committee
and were conducted within the guidelines set by the NIH.

Cocaine Self-Administration and Abstinence.—Following recovery from surgery,
rats were trained to self-administer cocaine (1.5 mg/kg/infusion) under an FR1 schedule as
previously described (20 infusions/day; Abel et al. 2019; Doyle et al. 2014; Ramda et al.
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2014). Following acquisition (20 infusions/day for two consecutive sessions), rats were
randomly assigned to either a ShA (n=60) or EXA group (n=55). Rats in the ShA group were
given three additional FR1 sessions, and rats in the ExA group were given 24-hr/day
intermittent-access to cocaine (1.5 mg/kg/infusion) for 10 days using a discrete trial
procedure (4 trials/hour; 96 infusions/day, Doyle et al. 2014; Ramo0a et al. 2014). These ExA
conditions are known to induce binge-abstinence patterns of self-administration as well as
high levels of drug-seeking and motivation for the drug when assessed following 14-days of
abstinence (Abel et al. 2019; Doyle et al. 2014; Raméa et al. 2014). /mportantly, motivation
for cocaine does not change from baseline levels following abstinence from self-
adaministration under these ShA conditions (Doyle et al. 2014; Ram6a et al. 2014). Rats in
the ExA group were then given two additional FR1 sessions to confirm catheter patency and
to minimize between-group differences in cocaine levels before abstinence. A 14-day
abstinence period began after the last FR1 session, wherein rats remained in their chambers
with the active lever retracted. The main experimental procedure is also summarized in Fig.
la-b.

Experiment la: Effect of NAc-D2R Antagonism on Motivation for Cocaine.—We
targeted the core region of the NAc for this experiment since this region is critical for
motivating cocaine use following both ShA and ExA self-administration (Doyle et al. 2014;
Raméda et al. 2014), and an important point of interaction between DAergic and
glutamatergic signaling (Kalivas and McFarland 2003). Following ShA (n=37) or EXA
(n=31) self-administration, rats were implanted with a bilateral infusion cannula aimed at the
NAc core (+1.2 mm anterior-posterior, £1.5 mm mediolateral, —=5.7 mm dorsoventral) on
abstinence day 8 or 9 (Doyle et al. 2014; Ramda et al. 2014). Motivation for cocaine was
examined following the 14t day of abstinence using a PR schedule and methods previously
described (Doyle et al. 2014; Ramda et al. 2014). A moderate-to-high cocaine dose (0.5
mg/kg/infusion) was selected based on our findings showing that motivation markedly
increases for this dose following abstinence from ExA self-administration (Doyle et al.
2014; Ramda et al. 2014).

Effects of NAc-D5R antagonism were examined once PR responding stabilized (no
increasing or decreasing trend in the number of infusions obtained over three consecutive
sessions) using a within-subject design (see Fig. 1a). Doses (0.3, 1,3, 10-ug/side) were based
on previous studies using intra-NAc infusion and selected to induce threshold versus
maximal, but selective effects (i.e. no effects on locomotion or non-specific responding,
Bachtell et al. 2005; Bari and Pierce 2005). However, because our initial analysis revealed a
decrease in responding for both the ShA and ExA groups at the lowest dose (0.3-ug/side),
we expanded the dose range to include a lower dose (0.1-pg/side). Based on a power
analysis using data from our initial analysis (a=0.05), this dose was examined in 10 ShA
and 9 EXA rats, and in order to compare this dose to the others, it was run
contemporaneously with the other doses with dose order counter-balanced between subjects.
To do so, it was necessary to use a larger n for the other doses (0, 0.3, 1.0, 3.0, and 10-ug;
ShA, n=21, 23, 21, 20, 20, respectively, ExA, n=15, 16, 16, 18, 19, respectively).

Infusions were administered immediately before the PR test session (0.5 pl/side; 2-min), and
a minimum of three stable PR sessions separated each test session (Doyle et al. 2014;
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Raméda et al. 2014). Due to catheter patency issues, not all rats received all six doses
(average treatments rat, 3.1+ 0.2 for the ShA group and 3.0 £0.3 for the ExA group). Cannula
placement was confirmed using methods previously described (Doyle et al. 2014; Ramba et
al. 2014). Placement was within the NAc core (Fig. 1c—d) for all but six rats who were
excluded from subject numbers and analyses.

Experiment 1b: Effect of NAc-D,R Antagonism on Motivation for Sucrose.—As
a test of selectivity for the effects of the intra-NAc infusion of eticlopride, we examined its
effect on motivation for sucrose using methods previous described (Doyle et al. 2014).
Briefly, following sucrose lever-press self-administration training as described above, rats
underwent a 14-day “abstinence” period with stereotaxic surgery occurring on abstinence
day 8 or 9 as described above. PR responding for sucrose began on abstinence day 15, and
once stable, effects of eticlopride were examined as described above for cocaine except that,
in this experiment, all rats received all doses of eticlopride (0, 0.3, 1, 3, 10-ug/side) except
the lowest dose (0,1-pg/side), which was not examined in this experiment. Based on a power
analysis and our previous studies with sucrose self-administration (Doyle et al. 2014),
effects were examined in 7 rats. As with the cocaine groups, sucrose controls had ad libitum
access to food. Cannula placement was within the NAc core for all subjects (Fig. 1e).

Experiment 1c: Effect of EXA versus ShA Self-Administration on NAc Gene
Expression.—Changes in NAc-DA receptor gene expression were examined for D1R
(Drd1), as well as DyR and D3R (DrdZ2/3), in additional groups of rats tested on PR
responding for cocaine following ShA versus ExA cocaine self-administration (see Fig. 1b).
In order to establish cocaine-induced changes, additional groups of rats were given access to
saline under the same conditions as used for ShA (n=5) and ExA (n=4) self-administration;
however, since no behavioral or molecular differences were observed, data were combined.
Based on a power analysis and our previous data (Abel et al. 2019), effects were examined
in a minimum of 7 rats/group (n=9, 8, and 8 for the saline, ShA, and ExA group,
respectively). Motivation for cocaine/saline was assessed following 14-days of abstinence as
described above with brain tissue obtained following the third stable PR session (~18 hours
after the last infusion) using methods previously described (Abel et al. 2019). The NAc core
was dissected from whole frozen brains and stored at =80 °C until processed for RT-gPCR.

RNA extraction, cDNA transcription, and RT-qPCR were performed as previously described
(Smith et al. 2018). Oligonucleotide primers were chosen from prior publications and
synthesized by Invitrogen (Carlsbad, CA). cDNA templates were normalized with Gapdh,
which was prescreened to assure similar expression between groups. One data point from the
ShA group for the Drd1 expression was not detected and one data point from the ExA group
for Drd1 expression was as an extreme outlier (>2.5 standard deviations from the mean);
these data were excluded from the DrdZ analysis (n=7/group).

Experiment 2: Effect of Systemic D1R and DoR and AMPA-R Antagonism on
Motivation for Cocaine.—As with the site-specific study, in this study using systemic
manipulation, effects were examined following abstinence from ExA (n=16) versus ShA
(n=13) self-administration once PR responding stabilized using a within-subject design (Fig.
la—b). Doses of eticlopride (0.05 and 0.1 mg/kg), the D4R antagonist SCH-23390 (0.5 and
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1.0 mg/kg), and the AMPA-R receptor antagonist CNQX (1.5 mg/kg) were based on
previous studies (Backstrom and Hyytia 2003; 2006; Baker et al. 1998; Murschall and
Hauber 2005; Palmatier et al. 2014; Schenk and Gittings 2003) and were selected to
modestly (SCH-23390 and eticlopride) versus robustly, but selectively (SCH-23390,
eticlopride, and CNQX), impact cocaine self-administration. Although only one dose of
CNQX was tested, the moderate-to-high dose selected has been reported to maximally, but
selectively, impact behavior; it was not possible to test a higher dose since these doses have
non-specific effects (e.g. locomotor behavior, Backstrom and Hyytia 2003; 2006). Effects
were compared to an equal volume of vehicle treatment, and based on a power analysis and
our previous data (Doyle et al. 2014), were examined in a minimum of 8 rats/treatment-dose
(vehicle, 0.05 and 0.1 eticlopride, 0.5 and 1.0 SCH-23390, and 1.5 CNQX; ShA, n=10, 9
and 11, 10 and 9, and 12, respectively; ExA, n=8, 9and 12, 12 and 11, and 11, respectively).
Treatments were administered intraperitoneally 15-min prior to the test session. A minimum
of three stable PR sessions separated each test session. The order of drug/dose
administration was counterbalanced between subjects. Due to challenges in maintaining
catheter patency, not all rats received all six treatments doses (average treatments/rat,
4.1+0.4 for the ShA group and 4.0+0.4 for the ExA group.

Drugs.—Cocaine ([-]-cocaine hydrochloride) was obtained from the National Institute on
Drug Abuse (NIDA; Research Triangle Park, NC), dissolved in sterile saline, filtered, and
stored at 4°C. The infusion duration was adjusted three times/week based on body weight
(2-sec/100 g/kg). SCH-23390, eticlopride, and CNQX were purchased from Sigma (St.
Louis, MO) and dissolved in sterile water (vehicle).

Data Analysis.—The development of an addiction-like phenotype in the ExA group, as
defined by an enhanced motivation for cocaine relative to the ShA group, was examined by
comparing the number of infusions obtained during the first three stable PR sessions
between groups using repeated measures ANOVA. The effect of NAc-D,R antagonism on
motivation for cocaine was assessed by comparing the number of cocaine infusions obtained
at baseline (averaged across the three stable PR sessions that proceeded the treatment
session) to those obtained during the treatment session using repeated measures ANOVA
with group and dose between-subject factors. A similar repeated measures ANOVA analysis
was used to examine the effect of eticlopride on motivation for sucrose in Experiment 1b and
the effect of systemic eticlopride, SCH-23390, and CNQX treatment in Experiment 2 with
treatment/dose replacing dose as a between-subjects factor. Given baseline differences in the
number of cocaine infusions obtained between the ExA and ShA groups, the effects of NAc-
eticlopride and systemic eticlopride, SCH-23390, and CNQX were also examined as percent
change from the baseline number of infusions using univariate ANOYA with group and dose
as between subject factors (Experiment 1a) and group, drug, and dose (0, low, high, CNQX;
Experiment 2). Univariate ANOYA was also used to assess group differences in DA receptor
gene expression in Experiment 1c. Post-hoc comparisons to baseline/0 (no change) or
vehicle were made using either one-tailed (for stated predicted differences) or two-tailed
Bonferroni-corrected t-tests. All data were normally distributed and analyzed using
SPSS-25. Differences were considered significant at P<0.05.
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Experiment la: Effect of NAC-D,R Antagonism on Motivation for Cocaine

Motivation for Cocaine.—Rats in the EXA group self-administered a high level of
cocaine (68.3+1.1 infusions/day versus 20 infusions/day in the ShA), and as expected,
following abstinence, obtained more infusions of cocaine under the PR schedule as
compared to ShA controls (Fig. 2a; group: F(1 66)=22.8, P<0.001); this was a stable
difference and similar for each of the first three stable sessions (session and session-by-
group, P’s>0.05). Thus, following ExA self-administration and abstinence, motivation for
cocaine was markedly higher (~35%) in the EXA versus ShA group confirming the
development of an addiction-like phenotype in the ExA group.

Effect of NAc-D,R Antagonism.—As with the first three stable sessions, e average
number of infusions obtained wider the PR scheaule at baseline prior to each of the
eticlopride treatments was higher in the ExA versus ShA group (14.4+0.3 versus 11.2+0.3;
P<0.001). Contrary to our hypothesis, NAc-DoR antagonism impacted PR responding for
cocaine for both the ShA and ExA groups although some group differences were observed
(Fig. 2b). A repeated-measures ANOVA comparing the number of infusions obtained at
baseline to the treatment session revealed significant effects of session (F(1,196)=199.6,
P<0.001), group (F(1,196)=48.0, P<0.001), and sessior-by-dose (F(s 196)=13.8, P<0.001). We
also observed a significant interaction of session-by-dose-by-group (F(s 196)=3.6, P<0.01),
which appears to be due greater decreases in the ShA group following treatment with low
doses of eticlopride (0.1-0.03 g side: session-by-group, F; 55=4.0, P<0.05) and to greater
decreases in the ExA group following treatment with high doses of eticlopride (3-10 ug/side;
sessfon-by-group, F; 75=9.0, P<0.01). However, subsequent analysis within each of the
groups revealed similar dose-dependent changes following eticlopride treatment.
Specifically, analysis within the ShA group revealed significant effects of session
(F(1,109)=110.3, P<0.001) and session-by-dose (F(s,109)=5.1, P<0.001), and post-hoc
comparisons to baseline within each dose revealed a significant difference for each of the
treatments (P’s<0.05) except vehicle (P>0.05) and the lowest dose (0.1 pg/side; P>0.05).
Similarly, analysis within the EXA group revealed significant effects of session (F(1,90)=95.7,
P<0.001) and session-by-dose (F(s5 90)=21.2, P<0.001), and post-hoc comparisons to baseline
within each dose revealed significant effects for each of the treatments (P’s<0.05) except
vehicle (P>0.05) and the lowest dose (0.1-ug side; P>0.05).

To further assess differential effects of DR antagonism between the ShA and ExA groups,
we examined effects relative to baseline (i.e., percent change from baseline; Fig. 3). As with
the previous analysis, this analysis revealed a significant effect of dose Fs5 195)=16.8,
P<0.05) as well as a dose-by-group interaction Fs 196)=2.4, P<0.05) that appears to be due
to greater decreases in the ShA group following treatment with low doses of eticlopride
(0.1-0.3 pg/side; p<0.01). However, in contrast to the previous analysis, effects at higher
doses (3-10 pg/side; p<0.01) did not differ significantly between the ShA and ExA groups
indicating that differences at higher doses are modest and variable. The effects of the
moderate dose (1 pg/side) did not differ between the groups (P>0.05). Analysis within the
ShA group revealed an overall effect of dose (F(s 109)=5.9, P<0.001), and post-hoc
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comparisons to vehicle were significant for each of the treatments (P’s<0.05) except the
lowest dose (0.1 pg/side; P<0.05). Post-hoc comparisons to the lowest dose (0.1 pg/side)
revealed a significant difference for the 1 and 10-pg doses (P’s<0.05), but not for the 0.3 or
3-ug dose (P>0.05). Each of the higher doses were statistically similar (P’s>0.05) indicating
that increases in eticlopride dose beyond 0.3-ug did not further enhance its effects. Analysis
within the ExA group also revealed a significant effect of dose (Fs, g7)=10.57, P<0.001),
with post-hoc comparisons to vehicle revealing a significant difference for the 0.3, 1, 3, and
10-pg doses (P’s<0.05), but not for the 0.1-ug dose (P>0.05). Post-hoc comparisons to the
0.1-ug dose revealed a significant difference for the 1, 3, and 10-pg doses (P’s<0.05), but not
the 0.3-ug dose (P>0.05). The 3 and 10-ug doses also differed from the 0.3-ug dose
(P’s<0.05). However, no differences were observed between the three highest doses (1,3,
and 10-pg; P’s>0.05), indicating that increases in eticlopride dose beyond 1.0-pg did not
further enhance its effects. Thus, intra-NAcc infusion of eticlopride decreased PR
responding for cocaine in the both ShA and ExA groups although effects at low doses were
more pronounced in the ShA versus ExA groups. Higher doses of eticlopride also tended to
induce greater effects in the EXA versus ShA group, but these effects were variable.
Increases beyond the 0,3-ug dose also further enhanced the efficacy of eticlopride within the
ExA, but not ShA group.

Experiment 1b: Effect of NAc-Do,R Antagonism on Motivation for Sucrose.

No significant overall or interactive effects of eticlopride were observed for PR responding
for sucrose (P’s>0.05) when analyzed as number of deliveries at baseline versus the
treatment session (Fig. 4) or change from baseline deliveries. Thus, eticlopride did not affect
general motivational behaviors.

Experiment 1c: Effect of EXA versus ShA Self-Administration on NAc Gene Expression.

Motivation for Cocaine.—As in Experiment 1a, in this experiment rats in the ExA group
self-administered high levels of cocaine (average of 70.3+1.6 infusions/day versus 20
infusion/day in the ShA), and following abstinence, obtained significantly more infusions of
cocaine unaer the PR schedule than rats in the ShA group (Fig. 5a; group: F(; 14)=6.3,
P<0.05); this difference was similar for each of the three stable baseline sessions (session
and session-by-group, P’s>0.05). Thus, following ExA self-administration and abstinence,
motivation for cocaine was markedly higher (~36%) in the EXA versus ShA group.

Gene Expression Changes.—NAc-D2 receptor gene expression (Drd2) was decreased
in rats tested following saline versus ShA and ExA cocaine self-administration (Fig. 5b;
group, F2,22)=19.4, P<0.001; versus saline, P’s<0.001). NAc-D1 receptor gene expression
(Drd1) also tended to be decreased following cocaine versus saline self-administration,
particularly following ExA self-administration (Fig. 5¢); however, expression levels were
more variable and the overall effect of group did not reach statistical significance (p=0.062).
No significant differences were observed for NAc-D3 receptor gene expression (Drd3; Fig.
5d).
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Experiment 2: Effect of Systemic D1R and D,R and AMPA-R Antagonism on Motivation for

Cocaine

Motivation for Cocaine.—As in Experiment 1, in this experiment, the ExA group self-
administered a high level of cocaine (average of 65.9+1.5 infusions/day versus 20
infusion/day in the ShA), and following abstinence, obtained significantly more infusions of
cocaine under the PR schedule as compared to the ShA group (Fig. 6a; group: F(1 29)=11.5,
P<0.01). This difference was similar for each of the first three stable sessions (session-by-
group, P>0.05). Thus, following ExA self-administration and abstinence, motivation for
cocaine was markedly higher (~31%) in the EXA versus ShA group.

Effects of Systemic D1R and D,R and AMPA-R Antagonism.—As with the first
three stable sessions, baseline PR responding prior to each of the systemic treatments was
higher in the EXA versus ShA group (14.7+0.4 versus 10.9+0.4; P<0.001; Fig. 6b). As
expected, systemic administration of eticlopride, SCH-23390, and CNQX differentially
impacted motivation for cocaine in the ShA versus ExA groups. A repeated-measures
ANOVA comparing the number of infusions obtained at baseline versus the treatment
session revealed significant overall effects of session (F1,112)=105.5, P<0.001) and group
(F(1,112)=34.5, P<0.001), as well as significant interactions of session-by-drug/dose
(F(5,112)=5.8, P<0.001) and session-by-group (F(1,112)=8.7, P<0.01). Analysis within the
ShA group revealed significant effects of session (F(1,55=35.1, P<0.001) and session-by-
drug/dose (F s 55)=3.4, P<0.01), with post-hoc comparison to baseline revealing a significant
difference for the low and high dose of eticlopride and the high dose of SCH-23390
(P’s<0.05). Analysis within the ExA group also revealed significant effects of session
(F,57)=71.4, P<0.001), and session-by-drug/dose (Fs 57)=4.9, P<0.01), with post-hoc
comparison to baseline revealing a significant decrease for each of the treatments (P’s<0.05)
except vehicle and the high dose of SCH-23390 (P>0.05).

Group differences in the effects of systemic administration of eticlopride, SCH-23390, and
CNQX were further examined by assessing changes relative to the baseline number of
infusions obtained (Fig. 7). This analysis revealed a significant effect of drug (F(;,112)=12.5,
P<0.01) as well as a significant interaction of group-by-drug-by-dose (F(1,112)=7.4, P<0.01).
Subsequent analysis within each drug revealed a significant interaction of group-by-dose for
eticlopride (F(1,37)=5.1, P<0.05), which appears to be due to a greater effect of the high dose
in the EXA versus ShA group (P<0.05), and a significant effect of group for CNQX (ty1=3.8,
P<0.05), which decreased the number of infusions obtained in the ExXA group (versus 0;
P<0.05) but not the ShA group (P>0.05). While the effects of the high dose of eticlopride
were more pronounced in the ExA versus ShA group, both the low and the high dose
decreased PR cocaine self-administration in both groups (versus 0; P’s<0.05). SCH-22390
also decreased the number of cocaine infusions obtained (versus 0; P<0.05) although effects
were modest and did not differ between groups or doses. No significant effects were
observed for vehicle. Thus, while systemic administration of eticlopride, SCH-23390, and
CNQX decreased motivation for cocaine, effects of eticlopride were more pronounced in the
ExA versus ShA group (at the high dose), effects of SCH-23390 were modest, and effects of
CNQX were apparent in the ExA, but not ShA, group.
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Discussion

We previously showed that an enhanced motivation for cocaine develops over abstinence
following ExA self-administration and corresponds to a shift in the mechanisms motivating
cocaine use from NAc-DR signaling to AMPA-R signaling (Doyle et al. 2014; Ramba et al.
2014). In the present study, we built on these findings with the prediction that the role of
NAc-D,R signaling in motivating cocaine use would also diminish with the development of
the addiction-like phenotype. /n contrast to this hypothesis, we found that NAc-DyR
blockade decreased motivation to cocaine in both the ShA and ExA groups. We dia,
however, observe some group differences in the effects of D2R antagonism, in that low
aoses of eticlopride were more effective at decreasing motivation for cocaine in the ShA
versus ExA group, and high doses of eticlopride tended to be more effective in the ExA
versus ShA group. The effects of eticlopride appear to be specific to cocaine since no effects
were observed in PR responding for sucrose. Together, these results indicate that unlike
NAc-D1Rs, NAc-D,Rs continue to modulate motivation for cocaine following the
development of an addiction-like phenotype. This interpretation is also consistent with our
molecular findings showing that NAC-Drd2is decreased from saline control levels in both
the ShA and ExA groups. Our second objective was to determine whether mechanistic shifts
impact the response to systemically administered treatments. The results with AMPA-R
receptor antagonism manipulation are consistent with our previous findings following NAc-
specific manipulation and show decreased PR responding for cocaine in the ExA, but not
ShA group. Like NAc-specific manipulation, systemic D,R antagonism decreased
motivation for cocaine in both the ShA and ExA groups and its efficacy differed between the
groups. In contrast to effects observed previous with NAc-specific manipulation, systemic
manipulation of DR similarly decreased motivation for cocaine in the ShA and ExA groups.
These findings indicate that the mechanisms motivating cocaine use change with the
development of an addiction-like phenotype and impact the response to both site-specific
and systemic drug administration.

Effect of NAc-D,R Antagonism on Motivation for Cocaine.

While NAc-infused eticlopride decreased motivation for cocaine in both ShA and ExA
groups, low doses of NAc-infused eticlopride were less effective in the ExA versus ShA
group. Based on the assumption that low doses are more selective and induce fewer side
effects than high doses, it is possible that this finding reflects a general decrease in
sensitivity to DsR antagonism in the ExA group. This interpretation is also consistent with
our findings showing that a maximal, or “ceiling” effect of eticlopride occurred at a lower
dose in the ShA versus ExA group (0.3 versus 1.0-pg/side). It is also consistent with
previous results showing that NAc-DA terminals and autoreceptors are less sensitive
following ExA versus ShA self-administration (Mateo et al. 2005). One caveat to this
conclusion, however, is that the high dose of NAc-infused eticlopride tended to induce an
even greater decrease in PR responding for cocaine in the ExA versus ShA group although
these effects were variable.

None-the-less, given that multiple doses of NAc-infused eticlopride decreased PR
responding for cocaine in the ExA group, it is likely that, unlike NAc-D1Rs (Ramba et al.
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2014), DoRs remain involved following the development of an addiction-like phenotype.
This interpretation is supported by our gene expression data showing that NAc-Dra2
expression is decreased in both ShA and ExA groups, and is consistent with results showing
lasting alterations in NAc-DR availability in individuals with a substance use disorder,
including cocaine (Martinez et al. 2009a; Volkow et al. 1993; Volkow et al. 1990; Volkow et
al. 1997).

Effect of Systemic DA D1R, DoR, AMPA-R Antagonism on Motivation for Cocaine.

Systemic treatment with eticlopride and CNQX differentially impacted motivation for
cocaine in the ExA versus ShA groups. These differential effects are consistent with several
recent studies showing that neurobiological changes in discrete brain regions are different
following the ShA versus ExA self-administration and translate to differential effects
following systemic administration (Ahmed and Koob 2004; Allain and Samaha 2019; Ben-
Shahar et al. 2007; Boudreau and Wolf 2005; Briand et al. 2008; Conrad et al. 2008; Fischer
et al. 2013; Greenwell et al. 2009; Hao et al. 2010; Nicolas et al. 2017). As expected,
systemic administration of the AMPA-R antagonist CNQX decreased PR responding in the
ExA, but not the ShA group. This finding is consistent with effects following NAc
manipulation (Doyle et al. 2014), and with a large body of research indicating that changes
in the role of AMPA-R signaling with the development of an addiction-like phenotype
reflect a general shift (for review see Amato et al. 2007). Our findings with eticlopride also
show similar patterns of changes following NAc-specific and systemic manipulation in that
both routes of administration decreased motivation for cocaine in both the ShA and ExA
groups; differential effects were also observed between the ShA and ExA groups following
both NAc-specific and systemic manipulation. While these findings are surprising
considering the lack of efficacy of DA receptor antagonists in humans with a cocaine use
disorder, it is important to note that many of these compounds lack efficacy due to issues
with compliance (Amato et al. 2007). In contrast, our findings showing that systemic D;R
manipulation similarly affected motivation for cocaine in the ShA and ExA groups is in
contrast to our previous findings showing that NAc-specific manipulation impacts
motivation for cocaine in the ShA, but not EXA group. These results suggest that changes in
other brain regions (e.g., prefrontal cortex, ventral tegmental area) may counter shifts in
NAc-D¢R signaling with the development of an addiction-like phenotype. Future research is
necessary to investigate this possibility.

Translational Implications and Conclusions.

These findings demonstrate differential effects of site-specific and systemic pharmacological
manipulations following ShA versus ExA self-administration and strongly indicate the need
for the use of animal models that induce an addiction-like phenotype for studies examining
mechanistic changes and potential treatments for cocaine use disorder. Studies are currently
underway to determine whether similar effects also occur in females tested following ShA
versus EXA cocaine self-administration. This is important since women and female animals
develop addiction/an addiction-like phenotype more rapidly than do men and male animals.
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Fig. 1. Summary of the experimental design as well as cannulae track placement for Experiment
1

(a) Experiment la-b. Following acquisition under a fixed-ratio 1 (FR-1) schedule (FR
train), rats were given either short-access (ShA; FR1, maximum of 20 infusions/day, 3 days)
or extended-access (ExA) to cocaine (4 discrete trials/hr, maximum of 96 infusions/day, 10
days). Rats in the extended access group were then given access to cocaine in two
consecutive FR1 sessions (maximum of 20 infusions/day) in order to verify patency and to
equate intake between the ShA and ExA groups prior to abstinence. Motivation to obtain
cocaine was assessed following a 14-day abstinence period using a progressive-ratio (PR)
schedule (PR SA, self-administration). Testing for the effects of NAc infusions of eticlopride
began once baseline was established and a minimum of three stable PR sessions separated
each test session. The effects of NAc infusions of eticlopride were also examined in
additional groups of rats tested following sucrose self-administration training, short-access
sucrose self-administration and 14-days of abstinence using the same experimental
procedures. Following study completion, tissue was collected for cannulation placement
verification. (b) Experiment 1c. Following acquisition, short- or extended-access cocaine
self-administration, and 14 days of abstinence, rats were given access to cocaine infusions
under a PR schedule. Brain tissue was obtained from the NAc following the third stable PR
session (~18 hours after the last infusion). Histological cannulae placements in the NAc for
each of the rats in the (c) short-access (d) extended-access and (e) sucrose control groups.
Schematics adapted from the atlas of Paxinos and Watson.
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Fig. 2. NAc-D2R antagonism decreased motivation for cocaine in both the extended-access and
short-access groups.

Data are plotted as mean (= SEM) number of infusions obtained and the corresponding final
ratios completed for the short-access (7=37) and extended-access (17=31) groups for (a) the
first three stable PR sessions and (b) the three baseline sessions prior treatment (B1, B2, B3)
and the day of treatment (Tx; arrows and shaded bars) as a function of eticlopride dose (0,
0.1, 0.3, 1, 3, 10-pg/side; short-access, n=21, 10, 23, 21, 20, 20, respectively; extended-
access, n=15, 9, 16, 16, 18, 19, respectively). A (#) indicates a significant difference between
the extended- versus short-access groups during the first three baseline sessions (a),
averaged across the pretreatment baselines (b; represented by dotted lines), and following
treatment with low (0.1-0.3-pg) or high doses (3-10-ug) of eticlopride (b). An (*) indicates a
significant difference from baseline (b).
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Fig. 3. Differential effects of NAc-DyR antagonism on motivation for cocaine between the
extended- and short-access groups.

Data are plotted as percent change (£ SEM) from the baseline number of infusions obtained
by the short- and extended-access groups following treatment with eticlopride (0, 0.1, 0.3, 1,
3, and 10-yug/side; short-access, n=21, 10, 23, 21, 20, 20, respectively; extended-access,
n=15, 9, 16, 16, 18, 19, respectively). A (#) indicates a significant difference between the
extended- versus short-access groups following treatment with low doses (0.1-0.3-ug) of
eticlopride. An (*) indicates a significant difference from vehicle (0-pg), a (+) indicates a
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significant difference from the 0.1-ug dose, and (&) indicates a significant difference from
the 0.3-ug dose.

Psychopharmacology (Berl). Author manuscript; available in PMC 2022 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Lynch et al.

Number of Sucrose Pellets

20 -

-
(%) ]
|

-
o
1

N

Page 22

Dose of Eticlopride /side - 268
0 0.3 1 3 10
4 4 4 4 ) 3
e e e th
1]
e | S Sl e | __ /1 1IN | s
m
o
©
[+ 4
Y- ®
c
=

| | l ’f 0

B1BZB3TX| 818283 TX 313233Tx|
Session

B1B2B3 Txl B1B2B3 TxI

Fig. 4. No effect of NAc-DyR antagonism on motivation for sucrose pellets.
(a) Data are plotted as mean (x SEM) number of sucrose pellets obtained and the

corresponding final ratios completed for the three baseline sessions prior treatment (B1, B2,
B3) and the day of treatment (Tx; arrows and shaded bars) as a function of eticlopride dose
(0, 0.3, 1, 3, 10-pg/side; n=7).
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Fig. 5. Effect of short- versus extended-access cocaine self-administration on NAc-dopamine

receptor gene expression.

(a) Data are plotted as mean (£ SEM) number of cocaine infusions obtained and the

corresponding final ratios completed during the first three stable PR sessions following
short- (n=8) versus extended-access (n=8) cocaine self-administration and 14-days of
abstinence. Data are plotted as mean (£ SEM) relative expression levels of Drd1 (b), Drd2
(c), and Drd3(d) in the NAc of rats in the saline (n=9), short-access (ShA, n=7-8), and
extended-access (ExA, n=7-8) self-administration groups. A (#) indicates a significant
difference between the extended- and short-access groups. An (*) indicates a significant

difference from saline controls.

Psychopharmacology (Berl). Author manuscript; available in PMC 2022 March 01.

Saline ShA ExA



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lynch

a

Number of Infusions

etal.

20

—
wn
1

—
o
1

Page 24
-O-Short Access O-Short Access
-@-Extended Access b ©-Extended Access
[ ] Treatment/Dose (ma/ka)

-
w
[ 2]

r 268

T
w
(4]

Final Ratio Reached

!
1 2 3 515283 TX 518283 TX 518283 TX ‘518283 TX 18283 TX B186233 TX
Session Session

Fig. 6. Systemic D1R, DR, and AMPA-R antagonism differentially impact motivation for
cocaine in the extended- versus short-access groups.

Data are plotted as mean (= SEM) number of infusions obtained and the corresponding final
ratios completed for the short-access (n7=15) and extended-access (17=16) groups for (a) the
first three stable PR sessions and (b) the three baseline sessions prior treatment (B1, B2, B3)
and the day of treatment (Tx; arrows and shaded bars) as a function of dose (mg/kg)/
treatment (0/Vehicle, 0.05 and 0.1 eticlopride/Etic, 0.5 and 1.0 SCH-23390/SCH, and 1.5
CNQX; short-access, n=10, 9 and 11, 10 and 9 and 12, respectively; extended-access, n=8, 9
and 12, 12 and 11, and 11, respectively). A (#) indicates a significant difference between the
extended- versus short-access groups during the first three baseline sessions (a) and averaged
across the pretreatment baselines (b; represented by dotted lines). An (*) indicates a
significant difference from baseline (b).
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Fig. 7. Differential effects of systemic Dy,R and AMPA-R antagonism on motivation for cocaine
between the extended- and short-access groups.

Data are plotted as percent change (+ SEM) from the baseline number of infusions obtained
by the short- and extended-access groups following systemic treatment as a function of dose
(mg/kg)/treatment (0/Vehicle, 0.05 and 0.1 eticlopride, 0.5 and 1.0 SCH-23390, and 1.5
mg/kg CNQX; short-access, n=10, 9 and 11, 10 and 9, and 12, respectively; extended-
access, n=8, 9 and 12, 12 and 11, and 11, respectively). A (#) indicates a significant
difference between the extended- versus short-access groups following treatment with the
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high dose of eticlopride (1 mg/kg) and CNQX. An (*) indicates a significant difference from
baseline/0 (no change).
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