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Abstract

Rationale—Acute or chronic environmental enrichment (EE) reduces sucrose cue reactivity in 

rats. This effect may be mediated by dopamine receptors.

Objectives—We examined whether dopamine D1 or D2 receptor agonism could reverse the EE 

effect. We also examined whether any reversal effects would vary with the incubation of sucrose 

craving.

Methods—Following 10 days (2 h/day) of sucrose self-administration, rats experienced either 1 

or 30 days of forced abstinence and either overnight (acute) or 29 day (chronic) EE. D1 (SKF 

81297; 0, 0.3, or 1 mg/kg) or D2 (quinpirole; 0, 0.1, or 0.3 mg/kg) agonist was administered 

systemically immediately prior to a subsequent 2-h cue reactivity test the next day (n = 9–12 per 

group).

Results—Dose-dependent effects were limited to the day 1 test. High doses of the agonists 

increased day 1 acute EE cue reactivity to levels comparable to control animals. On the day 30 

test, SKF 81297 increased cue reactivity in acute EE, chronic EE, and control rats. In contrast, 

quinpirole resulted in similar cue reactivity for control and enriched rats, more from a reduction in 

responding by controls vs. a recovery of responding by EE-experienced rats.

Conclusions—Both D1 and D2 receptors may be involved in the acute EE-mediated decrease in 

cue reactivity observed following 1 day of forced abstinence. In contrast, at 30 days of forced 

abstinence, D1 receptors may be critical in cue reactivity as SKF 81297 was effective at both 

restoring responding of enriched animals and potentiating responding of controls.
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Introduction

Craving is often defined clinically as a “strong desire” for a substance; this behavior has 

been modeled with rats responding for drug or food-associated stimuli (Grimm 2011). This 

seeking, or cue reactivity, increases over protracted abstinence (“incubation of craving”) 

(Grimm 2012; Venniro et al. 2016). We have reported previously that either acute 

(overnight) or prolonged (29 days) environmental enrichment (EE) significantly reduced 

sucrose seeking, including incubated sucrose seeking, and also reduced sucrose self-

administration in rats (Grimm et al. 2008, 2013, 2016). EE has also been shown to decrease 

cocaine and ethanol seeking in rats (Chauvet et al. 2009; Thiel et al. 2009; Li et al. 2015).

Little is known about the neurotransmitter system(s) that may be involved with the decrease 

in reward seeking observed after exposure to enriched environments. Of the findings yet 

reported, there are data supporting a role for altered dopamine function following EE. For 

example, several weeks of EE was associated with decreased dopamine D1 receptor 

expression (Del Arco et al. 2007; Gill et al. 2013; Ferland et al. 2014), less D1 agonist-

induced Fos protein expression (Mazarakis et al. 2014) in mesolimbic brain regions, and less 

D1 receptor-induced locomotion when a D1 agonist was microinjected into the medial 

prefrontal cortex (Del Arco et al. 2007).

Dopamine receptors and dopaminergic circuits, particularly those within the mesolimbic 

dopamine system, mediate incentive motivation and reinforcement (Wise 2004). Therefore, 

these findings indicate changes in dopamine-mediated reward processing, especially when 

taken in the context of previous findings with dopamine agonists and antagonists. Dopamine 

receptor agonism enhances responding for cues previously associated with water or food 

(Grimm et al. 2006; Gerdjikov et al. 2011; Saunders et al. 2013; du Hoffmann and Nicola, 

2014). Dopamine antagonists reduce responding in the presence of, or for, cues associated 

with reinforcers including cocaine (Shalev et al. 2002) and sucrose (Grimm et al. 2011; Guy 

et al. 2011).

The EE effect of reducing reward seeking, along with a downregulation in dopamine 

receptor signaling, then fits with a hypothesis of a blunted incentive motivational response 

system following EE. For example, the overall locomotor effect of amphetamine is reduced 

following EE in both rats (Bowling et al. 1993) and mice (Heinla et al. 2014). Rats with 

prolonged exposure to EE also had decreased reward sensitivity (Kirkpatrick et al. 2013) and 

reduced amphetamine (Meyer and Bardo, 2015) and methylphenidate self-administration 

(Alvers et al. 2012). There are pharmacological explanations for the psychostimulant-

mediated effects, including EE-mediated changes, in dopamine transporter levels and/or 

function (Darna et al. 2015). However, there may be other reasons for less reward-related 

responsivity in EE-exposed rats, in particular when not in the context of a psychostimulant 

challenge. One possibility is that EE or loss of EE produces a state of low motivation, 

perhaps reflecting decreased dopamine signaling (Ikemoto et al. 2015; Salamone et al. 

2016).

To confirm a role for dopamine in the anti reward-seeking effect of EE, rats were trained for 

10 days (2 h/ day) to self-administer a 10 % sucrose solution on a fixed-ratio (FR)1 schedule 
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of reinforcement, where each sucrose delivery was accompanied by compound (light + tone) 

stimulus. Responding for the cue in the absence of sucrose (cue reactivity Test) was then 

assessed in a 2-h session after either 1 or 30 days of forced abstinence in either the home 

cage or in a large environment with two other rats and toys (EE). Immediately prior to the 

cue reactivity Test, rats were pre-treated with either the D1 receptor agonist SKF 81297 (D1 

Ki 1.9 nM, D2 Ki >1000 nM; Neumeyer et al. 2003) or the D2 receptor agonist quinpirole 

(D2 Ki 48 nM, D1 Ki > 1000 nM; Mottola et al. 2002). This experimental design allowed us 

to examine the effects of D1 or D2 receptor agonism on cue reactivity after either one night 

(acute) or 29 days (chronic) EE and how any effect(s) might interact with the incubation of 

sucrose craving.

Materials and methods

Subjects

Three hundred one male Long-Evans rats (approximately 3.5 months old at start of study), 

bred in the Western Washington University vivarium, were used for this experiment. 

Experimental group sizes were n = 9–12 per group. This range was chosen based on our 

previous studies to account for attrition and to provide enough statistical power to detect 

effects of EE and incubation on sucrose seeking (Grimm et al. 2013). Prior to any 

enrichment treatment, rats were housed individually in Micro-Isolator chambers (20 × 32 × 

20 cm; Lab Products, Inc., Seaford, DE, USA) under a 12-h reverse day/night cycle with 

lights off at 0700 h. All training and testing occurred between 0900 and 1100 h. Food 

(Purina Mills Inc. Mazuri Rodent Pellets, Saint Louis, MO, USA) and water were available 

ad libitum throughout the study except for a pre-training water deprivation 17 h prior to the 

first training session. Body weights were recorded every Monday, Wednesday, and Friday 

for the duration of the study. All procedures followed the “Public Health Service Policy on 

Humane Care and Use of Laboratory Animals” (PHS 2015) and were approved by the 

Western Washington University Institutional Animal Care and Use Committee.

Apparatus

Experimental procedures took place in operant conditioning chambers (30 × 20 × 24 cm; 

Med Associates, St. Albans, VT, USA) equipped with one retractable lever to the left side of 

the reward receptacle where sucrose solution was dispensed. A stationary lever was located 

on the opposite wall. The operant conditioning chambers included a red houselight on the 

wall opposite the retractable lever. Above the retractable lever was a white stimulus light and 

a sound generator (2 kHz, 15 dB over ambient noise). Each chamber was equipped with four 

infrared photobeam infrared emitters and detectors (Med Associates) to provide a measure 

of locomotion during training and testing sessions. This system did not differentiate between 

vertical or horizontal activity or stereotypy. The operant conditioning chambers were 

enclosed in sound-attenuating chambers equipped with fans to provide air flow and white 

noise.

Behavioral procedures

Training—Sessions began with illumination of the house light that remained on for the 

duration of the session and insertion of the retractable lever that remained extended for the 
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duration of the session. Rats underwent 10 daily 2-h sessions wherein they learned to press 

the retractable lever for a 0.2 mL delivery of 10 % sucrose into the reward receptacle. These 

“active” lever presses were reinforced under a fixed-ratio 1 schedule with a 40 s “time-out.” 

Specifically, an active lever press was accompanied with a 5-s combined presentation of the 

white stimulus light and the tone along with reinforcer delivery. For this 5 s and the 

following 35 s, active lever responses were not reinforced but were recorded. Presses on the 

stationary (“in-active”) lever elicited no response and were recorded as a control for lever 

discrimination and a non-specific motor activity.

Forced abstinence—Following the tenth training session, rats were randomly assigned to 

a treatment condition consisting of a cross between duration of forced abstinence and a type 

of housing condition. The forced abstinence period was either from the end of the tenth 

training session to a testing session the next morning (22 h; “Day 1”) or to a testing session 

30 days later (“Day 30”).

Environmental enrichment—EE consisted of a mixture of housing and social 

enrichment (Grimm et al. 2013). The EE housing was a large, 4-level wire-mesh 

environment (91 × 51 × 102 cm; Quality Cage Company, Portland, OR, USA) with novel 

toys replenished each M, W, F. Three rats were housed together in EE.

EE was either acute (EEACUTE) or chronic (EECHR). Acute groups were created so that 

rats experienced EE from the end of the tenth day training session or the 29th day of forced 

abstinence until testing the next morning (22 h). These were the Day 1 and Day 30 

EEACUTE conditions. The one EECHR condition was exposure to EE from the end of the 

tenth day training session until testing on Day 30. All control (CON) rats remained single-

housed.

Testing—Testing conditions were identical to training except the syringe containing 

sucrose solution was absent. Rats were randomly assigned to drug dose conditions within 

each experiment. As rats had already been randomly assigned to treatment conditions, this 

resulted in cohorts of rats (typically 8–12 subjects) each assigned to one of a variety of 

testing conditions. Drugs were stored at 4 °C in the dark and used within 48 h of 

preparation. SKF 81297 hydrobromide (Tocris Bioscience, Minneapolis, MN, USA) and (−) 

quinpirole hydrochloride (R & D Systems, Minneapolis, MN, USA) were dissolved in sterile 

0.9 % saline and administered according to body weight (1 ml/ kg) to provide the doses 

indicated in Figs. 1–4. Doses were selected from the lowest range of each drug that has been 

shown to reinstate extinguished cocaine seeking in rats (Self et al. 1996; Alleweireldt et al. 

2002). Rats received handling injections of saline (1 ml/kg) in the vivarium in the afternoon 

during the 2 days prior to testing. Testing day injections occurred immediately prior to 

testing in the room containing the operant conditioning chambers. SKF 81297 was 

administered SC; quinpirole, IP.

Statistical analyses

Data were segregated by drug and by day of forced abstinence. The reasons for segregating 

data were to control for the fact that each experiment (SKF 81297 Day 1, SKF 81297 Day 
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30, quinpirole Day 1, and quinpirole Day 30) was run separately and sequentially over 

several months and also to facilitate interpretation of the effects of the drugs on EE at either 

the early or late forced abstinence time points. For Day 1 of forced abstinence, there were 

two housing conditions (CON, EEACUTE). For Day 30 of forced abstinence, there were 

three housing conditions (CON, EEACUTE, EECHR). Data were analyzed using ANOVA 

and, subsequently for testing active lever presses, ANCOVA. For the ANOVAs, active lever 

presses, sucrose deliveries (infusions) during training (or cue presentations during testing), 

inactive lever presses, and photobeam breaks (locomotion) were analyzed separately. 

Training and testing data were also analyzed separately. Two ANCOVAs were conducted for 

testing active lever pressing in each experiment. One ANCOVA was conducted using 

inactive lever presses as the covariate, and another was conducted using photobeam breaks 

as the covariate. These were conducted to determine if inactive lever responding or 

locomotor activity covaried with changes in active lever responding on the test day. Pre-

training body weight and training data were analyzed to determine if groups differed prior to 

assignment to treatment conditions. Body weights were compared between Day 30 testing 

groups to determine if chronic EE affected body weight.

For the analyses, main factors were HOUSING (2 or 3 levels for Day 1 or Day 30, 

respectively) and DOSE of either SKF 81297 or quinpirole (3 levels). Training ANOVA 

included the repeated-measures factor TIME (10 days of training). Statistically significant 

main effects from ANOVA were followed by the Tukey’s HSD post hoc tests. The criterion 

for statistical significance was P < 0.05. Following a significant interaction, t tests were done 

between each CON group at each dose, between each EE group at each dose, and between 

each CON and EE group at each dose. This resulted in seven comparisons for Days 1 and 12 

and for Day 30. Family-wise error for these tests was reduced by using a Šidák correction; 

this resulted in the conservative criterion for statistical significance to be P < 0.0073 for Day 

1 and P < 0.0043 for Day 30. To identify whether incubation of craving occurred for CON 

conditions across experiments, and also to determine whether CON responding varied across 

experiments, 2-way ANOVA (DAY X DRUG) was conducted on CON vehicle active lever 

responding from all four experiments. For brevity, in most instances, only statistics for 

significant main effects and interactions of ANOVA are noted in the text. Means ± standard 

error of the mean (SEM) are indicated in the text and on the figures. The IBM SPSS 

Statistics 22 was used for all statistical calculations except t tests. These were calculated in 

Excel 2013.

Results

Body weight

Within each experiment, average body weights did not differ between treatment conditions 

prior to the start of the study. Weights in grams for each experiment were SKF 81297 Day 1, 

388.3 ± 5.6; SKF 81297 Day 30, 399.6 ± 6.3; quinpirole Day 1, 399.4 ± 4.3; and quinpirole 

Day 30, 414.0 ± 3.9. Final body weights for rats in the Day 30 SKF 81297 or quinpirole 

experiments did not differ according to the treatment conditions. Final post forced 

abstinence weights in grams for the Day 30 SKF 81297 experiment were 451.4 ± 6.0 and for 

the Day 30 quinpirole experiment, 467.0 ± 4.0.
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Behavioral procedures

Training—There were no significant differences between groups in Training measures. 

Statistically significant F values for training behavior data ANOVAs are indicated in Table 1. 

As noted in the Table, only the repeated measure TIME was significant for each behavior. 

For each experiment, active lever responding and infusions increased, while inactive lever 

responding and locomotion decreased, over the 10 days of training. The mean ± SEM of 

each of these measures on the tenth day of Training for each experiment is provided in Table 

2.

Testing—Active lever responses in the CON vehicle conditions incubated comparing Day 

1 to Day 30 (Day F(1,38) = 14.4, P < 0.001) but did not differ by experiment (DRUG main 

effect and DRUG X DAY interaction both not significant). These results also indicate that 

the CON vehicle, or baseline, level of active lever responding was similar between the two 

experiments (Experiments 1 and 3) examining drug effects on Day 1 and between the two 

experiments examining drug effects on Day 30 (Experiments 2 and 4). Significant F values 

for testing ANOVAs are indicated for each experiment in Table 3. Data, with significant post 

hoc tests indicated, are presented in Figs. 1–4.

SKF 81297 Day 1 (Experiment 1). As indicated in Table 3 and Fig. 1, EEACUTE reduced 

sucrose seeking (both active lever responses and cue presentations). The low dose of SKF 

81297 attenuated this effect while the high dose reversed it. EEACUTE reduced locomotion 

while both doses of dopamine D1 receptor agonist increased locomotion. The active lever 

results were not explained by covariance of either inactive lever responses or locomotion as 

the overall ANOVA effects were unchanged examining either covariation of inactive lever 

responses or locomotion (Table 3 vs. 4).

SKF 81297 Day 30 (Experiment 2). As indicated in Table 3 and Fig. 2, both EEACUTE and 

EECHR reduced sucrose seeking (although EECHR active lever P = 0.04 did not achieve the 

Šidák threshold of P < 0.0043). EEACUTE reduced locomotion. Both doses of SKF 81297 

significantly reversed the EE effects on sucrose seeking indicated by responding similar or 

greater than CON vehicle-treated rats. Both doses of SKF 81297 also increased sucrose 

seeking by CON rats. The low dose of SKF 81297 increased inactive lever responding for all 

conditions while the high dose increased locomotion for all conditions. The ANOVA results 

for active lever responding were not changed when examining the covariance of inactive 

lever (Table 4). However, when examining the covariance of locomotion, the main effect of 

HOUSING was no longer statistically significant (Table 3 vs. 4).

Quinpirole Day 1 (Experiment 3). The results for this experiment were similar to those from 

the SKF 81297 Day 1 Experiment. As indicated in Table 3 and Fig. 3, EEACUTE reduced 

sucrose seeking (both active lever responses and cue presentations) and this effect was 

reversed by the high dose of quinpirole. EEACUTE reduced inactive lever responding and 

locomotion. Unlike following SKF 81297, quinpirole reduced inactive lever responding by 

CON rats and slightly increased inactive lever responding by EEACUTE rats. The active 

lever results were not explained by the covariance of either inactive lever responses or 

locomotion (Table 3 vs. 4).
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Quinpirole Day 30 (Experiment 4). As indicated in Table 3 and Fig. 4, both EEACUTE and 

EECHR reduced sucrose seeking (both active lever responses and cue presentations). 

EEACUTE reduced inactive lever responding, and EECHR reduced locomotion. Both doses 

of quinpirole resulted in CON and EE rats responding at similar rates. This was driven by a 

combination of a drug-induced decrease in responding by CON rats and increased 

responding by EEACUTE rats. Statistical significance to support this effect is found with the 

significant decrease in cue presentations for CON rats following the low dose of quinpirole 

and the near significant increase in cue presentations by EEACUTE rats (P = 0.03 but not 

meeting the Šidák cutoff of P < 0.0043 following the high dose). The low dose of quinpirole 

reduced inactive lever responding and locomotion by CON rats. For EE rats, the low dose 

increased locomotion by EEACUTE rats; the high dose increased locomotion by EECHR 

rats. The active lever ANOVA results were changed when accounting for covariance of 

either inactive lever responding or locomotion. In both ANCOVAs, the Housing X Dose 

interaction was no longer significant (Table 3 vs. 4).

Discussion

Abstinence-specific effects

Previous studies support roles for dopamine and glutamate neurotransmission in the 

incubation of sucrose craving (Grimm et al. 2006, 2011; Uejima et al. 2007), but there has 

yet to be a report describing sucrose abstinence-dependent changes in specific dopamine 

receptor subtypes. The finding of a likely role for dopamine, noted above, was our report 

(Grimm et al. 2006) of an abstinence-dependent effect of systemically delivered cocaine in 

potentiating sucrose cue reactivity. A low dose of cocaine (5 mg/kg) increased responding 

for a sucrose-paired cue on Day 1, but not Day 30 of forced abstinence. Higher doses (10 

and 20 mg/kg) potentiated responding on Day 30 only. In a subsequent study, we did not 

find an abstinence-dependent effect with D1 antagonism when injecting the drug directly 

into the nucleus accumbens core or shell (Grimm et al. 2011), but found that systemically 

administered D1 antagonist was more effective on Day 1 of forced abstinence than on Day 

30. In the present study, SKF 81297 and quinpirole only affected the responding of CON 

rats on Day 30 with SKF 81297 in some instances increasing and quinpirole decreasing 

responding. These findings generally fit with a rate-dependency description of the 

incubation of active lever responding. That is, the baseline rate of responding predicts the 

rate-changing effects of psychostimulant or pharmacological challenges. This rate 

dependency has been hypothesized to be due to the tone of the dopamine system of the 

individual (Anghelescu and Heuser 2008). This proposed mechanism for rate-dependent 

effects of psychostimulants, in the context of our current findings with SKF 81297 and 

quinpirole and our previous findings with cocaine (indirect dopamine agonist) and dopamine 

antagonist, supports a hypothesis that dopamine tone changes over the course of forced 

abstinence from sucrose self-administration. This may lead to enhanced motivation to seek 

and consume sucrose (Grimm 2012) although further research is needed to better elucidate 

the neurobiology of the incubation of sucrose craving.

EE-specific effects—Overall, chronic EE is associated with decreased D1 receptor 

availability and signaling in limbic brain regions. Chronic EE results decrease in D1 receptor 
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expression in the prefrontal cortex (Del Arco et al. 2007) and striatum (Gill et al. 2012, 

2013). Chronic daily exposure to EE also results in decreased D1 receptor mRNA in the 

dorsal hippocampus (Ferrland et al. 2014) and less D1 agonist-induced locomotion in EE-

exposed rats compared to controls when D1 agonist was infused into the prefrontal cortex 

(Del Arco et al. 2007). Finally, chronic EE results in less systemically administered D1 

agonist-induced Fos in the striatum (Mazarakis et al. 2014). If D1 receptors are 

downregulated in our chronic EE procedure, then adding SKF 81297 could have brought 

back the diminished D1 signaling. As for acute EE resulting in changes in D1 signaling, we 

are not aware of any published findings. Our present behavioral pharmacology data support 

a role for both receptor subtypes in the effects of acute EE on sucrose cue reactivity. The D1 

effect was observed after 1 or 30 days of forced abstinence (Figs. 1 and 2) while the D2 

effect was limited to the Day 1 forced abstinence time point (Fig. 3). Keeping with the logic 

in the section above regarding receptor adaptations related to chronic EE, the fact that SKF 

81297 and quinpirole could increase responding that had been reduced by EE could indicate 

that acute EE also leads to diminished signaling via D1 receptors on either Day 1 or Day 30 

and D2 receptors only on Day 1.

EE mechanisms—The present results indicate that there may be changes in dopamine D1 

and D2 receptor signaling following either acute or chronic EE, with effects of acute EE 

being present both after 1 or 30 days of forced abstinence from sucrose self-administration. 

Our working hypothesis is that EE affects incentive motivation. Alexander et al. (1978, 

1981) found that rats living in a large colony drank less morphine solution than rats living 

alone. It was hypothesized that the enriched environment resulted in less drug intake as the 

drug effects interfered with social behavior (Alexander et al. 1981), but also that the intake 

of morphine in the isolated environment was due to a need to cope with isolation (Alexander 

2010). This could be restated that the enriched environment provides reinforcement that 

exceeds that of morphine. For the present study where rats were moved from EE to the 

operant conditioning chamber, rats may be finding that the reinforcement provided by the 

operant conditioning chamber (with or without access to sucrose) is now, in contrast to EE, 

less reinforcing. This shift in incentive motivation defines a negative contrast.

Little has been published regarding the neurobiology of negative contrast although there is 

some evidence for a role of dopamine and GABA neurotransmission (Flaherty et al. 1992; 

Torres et al. 1996; Phelps et al. 2015). For example, amphetamine (indirect dopamine 

agonist) partially reversed negative contrast (Phelps et al. 2015). In this procedure, rats were 

trained to respond for four food pellets and then were switched to respond for one pellet; 

negative contrast was seen as a decrease in responding for one pellet, especially compared to 

a control condition of rats trained and “tested” with only one pellet. In this particular study, 

amphetamine administration just prior to the contrast test session resulted in a significant 

attenuation of the contrast effect. Dopamine receptor antagonism exacerbated negative 

contrast (Flaherty et al. 1992; Torres et al. 1996; Phelps et al. 2015). In addition, in a very 

different paradigm, the dopamine receptor antagonist pimozide attenuated both positive and 

negative contrast created by increasing or decreasing current in a brain self-stimulation 

procedure (Phillips and LePiane 1986). Even more, Genn et al. (2004) observed a lack of 

dopamine efflux in the nucleus accumbens of rats experiencing negative contrast (switched 
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from 32 to 4 % sucrose) whereas controls (4 to 4 %, no switch) experienced a significant 

increase in dopamine. These results connect decreased dopamine signaling with negative 

contrast and support the hypothesis that negative contrast might be “overcome” by restoring 

an appropriate balance of stimulation at dopamine receptors. Further study is required to test 

this EE-mediated negative contrast hypothesis. However, this will require development of 

procedures to better isolate negative contrast effects of EE from other potential mechanisms 

including EE-mediated changes in stress (Solinas et al. 2010), learning (Will et al. 1977; 

Murtha et al. 1990; Daniel et al. 1999; Pham et al. 1999; Hellemans et al. 2004), and 

impulsivity (Kirkpatrick et al. 2013).

Motor vs. motivation—Finally, acute or chronic EE reduced motor activity in the operant 

conditioning chamber during the test session. Locomotor behavior has been shown in many 

previous studies to be decreased in environmentally enriched animals (Bowling et al. 1993; 

Grimm et al. 2013) either in a novel environment or in the operant conditioning chamber. 

This could be taken as an indication of several states including diminished motor capacity, 

increased anxiety, or a lack of motivation to respond to novel or conditioned cues. As this 

effect occurs without pharmacological manipulation, the motor capacity hypothesis is ruled 

out. An increase in anxiety is an unlikely explanation for two reasons. First, if there is a 

change in anxiety due to EE, evidence from some studies suggest EE would be anxiolytic 

(Solinas et al. 2010). This would likely be observed as increased locomotion. Second, in a 

previous study, we did not find a consistent relationship between acute or chronic EE and 

plasma corticosterone levels (Grimm et al. 2016).

Following SKF 81297 or quinpirole injection, there were some instances where a drug-

induced change in active lever responding was accompanied by a change in locomotor 

activity in the same direction. It is difficult to rule out motor vs. motivational explanations 

for such changes in locomotion. This is a complication arising from the fact that forward 

locomotion may represent a motivated action (Wise 1987). Even so, we also observed 

several dissociations between drug-induced active lever responding and locomotion in the 

present study. For example, both doses of SKF 81297 increased Day 1 CON locomotion but 

not active lever responding, the low dose of SKF 81297 increased active lever responding for 

all housing conditions but did not affect locomotion, the high dose of quinpirole resulted in 

similar active lever responding between CON and EEACUTE rats on Day 1 but had no 

effect on locomotion, and the high dose of quinpirole resulted in similar active lever 

responding across housing conditions but only elevated locomotor responding in the EECHR 

group.

We further examined the potential confounding role for potentially non-specific activity in 

interpreting active lever responding by using ANCOVA. Comparing Table 4 and Table 3, 

there was some decreased sensitivity to detect main effects and/or interactions when inactive 

lever responding was a covariate (Experiment 4) and when locomotor activity was a 

covariate (Experiments 2 and 4). However, the overall findings were that drug-induced 

changes in these behaviors varied with drug-induced changes in active lever responding in 

some, but not all instances. In addition, it is possible that the apparent suppressive effects of 

D2 agonism for Day 30 responding (CON rats) were related to an abstinence-dependent 

effect on D2 autoreceptors. Our dose range (0, 0.1, 0.3 mg/kg) shown to increase drug 
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seeking (Self et al. 1996) overlapped with that of Linthorst et al. (1991) who reported that 

0.1 mg/kg decreased striatal dopamine levels.

Concluding remarks

The present results fit with a hypothesis of the anti-craving effect of EE and the pro-craving 

effect of incubation as being mediated by plasticity in mesolimbic dopamine pathways, 

resulting in changes in motivated behavior. The receptor specificity of the effects we 

observed, however, needs to be more precisely evaluated by extending the range of doses of 

agonists and incorporating reversal studies using receptor-specific antagonists. In addition, 

further research should include examination of dopamine receptor transduction pathway 

molecular indicators of plasticity. A better understanding of how these effects are mediated 

may inform treatment approaches for behaviors characterized by relapse such as drug 

seeking or diet recidivism.
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Fig. 1. 
Testing measures on Day 1 of forced abstinence. Groups experienced 10 days of sucrose 

self-administration and then either CON or EEACUTE housing prior to testing. Immediately 

prior to testing, rats were pre-treated with SKF 81297 (0, 0.3, 1 mg/kg SC; n = 9–10 per 

group). Testing measures are indicated in panels. a Active lever responses. b Cue 

presentations. c Inactive lever responses. d Photobeam breaks (locomotion). Means ± SEMs 

indicated on Figure. Asterisk indicates significant difference from 0 dose, P < 0.0073. 

Dagger indicates significant difference from CON, P < 0.0073
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Fig. 2. 
Testing measures on Day 30 of forced abstinence. Groups experienced 10 days of sucrose 

self-administration and then either CON, EEACUTE, or EECHR housing prior to testing. 

Immediately prior to testing, rats were pre-treated with SKF 81297 (0, 0.3, 1 mg/kg SC; n = 

9–10 per group). Testing measures are indicated in panels. a Active lever responses. b Cue 

presentations. c Inactive lever responses. d Photobeam breaks (locomotion). Means ± SEMs 

indicated on Figure. Asterisk indicates significant difference from 0 dose, P < 0.0043. 

Dagger indicates significant difference from CON, P < 0.0043
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Fig. 3. 
Testing measures on Day 1 of forced abstinence. Groups experienced 10 days of sucrose 

self-administration and then either CON or EEACUTE housing prior to testing. Immediately 

prior to testing, rats were pre-treated with quinpirole (0, 0.1, 0.3 mg/kg IP; n = 10–11 per 

group). Testing measures are indicated in panels. a Active lever responses. b Cue 

presentations. c Inactive lever responses. d Photobeam breaks (locomotion). Means ± SEMs 

indicated on Figure. Asterisk indicates significant difference from 0 dose, P < 0.0073. 

Dagger indicates significant difference from CON, P < 0.0073
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Fig. 4. 
Testing measures on Day 30 of forced abstinence. Groups experienced 10 days of sucrose 

self-administration and then either CON, EEACUTE, or EECHR housing prior to testing. 

Immediately prior to testing, rats were pre-treated with quinpirole (0, 0.1, 0.3 mg/kg SC; n = 

10–12 per group). Testing measures are indicated in panels. a Active lever responses. b Cue 

presentations. c Inactive lever responses. d Photobeam breaks (locomotion). Means ± SEMs 

indicated on Figure. Asterisk indicates significant difference from 0 dose, P < 0.0043. 

Dagger indicates significant difference from CON, P < 0.0043
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Table 1

Significant F values for training measures

Experiment Active lever
responses

Sucrose deliveries Inactive lever
responses

Photobeam breaks

SKF Day 1 TIME (9,468) = 11.5 TIME (9,468) = 24.6 TIME (9,468) = 20.7 TIME (9,468) = 20.7

SKF Day 30 TIME (9,702) = 19.8 TIME (9,702) = 42.1 TIME (9,702) = 39.8 TIME (9,702) = 45.9

quin Day 1 TIME (9,495) = 6.3 TIME (9,495) = 10.8 TIME (9,495) = 59.3 TIME (9,495) = 21.5

quin Day 30 TIME (9,774) = 3.6 TIME (9,774) = 19.8 TIME (9,774) = 125.6 TIME (9,774) = 52.7

F value and degrees of freedom indicated. All F values were statistically significant at P < 0.001

SKF SKF 81297, quin quinpirole
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Table 2

Means ± SEMs for the tenth day of training measures for each experiment

Experiment Active lever
responses

Sucrose
deliveries

Inactive lever
responses

Photobeam
breaks

SKF 81297 Day 1 131.1 ± 9.1 70.9 ± 3.5 5.4 ± 0.8 1724.3 ± 72.1

SKF 81297 Day 30 157.0 ± 7.6 78.4 ± 2.5 9.9 ± 1.8 1807.9 ± 53.6

Quinpirole Day 1 121.7 ± 8.4 68.4 ± 3.3 5.4 ± 0.7 1465.4 ± 63.0

Quinpirole Day 30 123.5 ± 6.8 66.5 ± 2.5 5.1 ± 0.5 1739.0 ± 63.8
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Table 3

ANOVA significant F values for testing measures

Experiment Active lever
responses

Cue deliveries Inactive lever
responses

Photobeam breaks

SKF Day 1 H (1,52) = 13.6*** H (1,52) = 51.9*** n.s. H (1,52) = 21.5***

HXD (2,52) = 5.2** D (2,52) = 3.6* D (2,52) = 45.6***

HXD (2,52) = 3.7*

SKF Day 30 H (2,78) = 11.7*** H (2,78) = 21.4*** D (2,78) = 11.7*** H (2,78) = 18.0***

D (2,78) = 13.7*** D (2,78) = 18.4*** D (2,78) = 31.3***

quin Day 1 H (1,55) = 75.9*** H (1,55) = 55.8*** H (1,55) = 15.8*** H (1,55) = 7.5**

HXD (2,55) = 8.3** HXD (2,55) = 4.9* D (2,55) = 89.6** HXD (2,55) = 3.8*

HXD (2,55) = 11.7***

quin Day 30 H (2,86) = 16.3*** H (2,86) = 15.8*** H (2,86) = 9.3*** H (2,86) = 6.1**

HXD (4,86) = 3.1* HXD (4,86) = 4.4** D (2,86) = 4.0* HXD (4,86) = 5.8***

HXD (4,86) = 4.3**

F value and degrees of freedom indicated. Factors are indicated by H (housing) and D (dose) with a cross indicating an interaction

SKF SKF 81297, quin quinpirole, n.s. not significant

*
P < 0.05,

**
P < 0.01, and

***
P < 0.001
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Table 4

ANCOVA significant F values for active lever responses during testing (housing and dose effects)

Experiment Inactive lever responses as covariate Photobeam breaks as covariate

SKF Day 1 H (1,51) = 49.1*** H (1,51) = 27.0***

HXD (2,51) = 4.6* HXD (2,51) = 6.0**

SKF Day 30 H (1,77) = 9.7*** D (2,77) = 15.1***

D (2,77) = 9.0***

quin Day 1 H (1,54) = 51.3*** H (1,54) = 59.7***

HXD (2,54) = 6.1** HXD (2,54) = 7.7**

quin Day 30 H (2,85) = 13.7*** H (2,85) = 16.4***

F value and degrees of freedom indicated. Factors are indicated by H (housing) and D (dose) with a cross indicating an interaction

SKF SKF 81297, quin quinpirole

*
P < 0.05,

**
P < 0.01, and

***
P < 0.001
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