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Abstract

The infralimbic and prelimbic (IL and PL, respectively) regions of the medial prefrontal cortex 

regulate the control of drug-seeking behavior. However, their roles in cocaine seeking in a 

discriminative stimulus (DS)-based self-administration task are unclear. To address this issue, male 

Sprague-Dawley rats were trained on a DS task in which, on a trial-by-trial basis, a DS+ indicated 

that a lever press would produce a cocaine infusion, whereas a distinct DS− indicated that a lever 

press would produce nothing. IL and PL inactivation via GABA receptor activation decreased 

performance accuracy and disinhibited behavioral responding on DS− trials, resulting in greater 

lever pressing during the DS− presentation. This was accompanied by a decrease in cocaine 

infusions obtained, a finding confirmed in a subsequent experiment using a standard FR1 cocaine 

self-administration paradigm. We repeated the DS study using a food reward and found that 

inactivation of each region decreased performance accuracy but had no effect on the total number 

of food pellets earned. Additional experiments with the cocaine DS task found that dopamine 

receptor blockade in the IL, but not PL, reduced performance accuracy and disinhibited behavioral 

responding on DS− trials, whereas AMPA receptor blockade in the IL and PL had no effect on 

performance accuracy. These findings strongly suggest that, in a DS-based self-administration task 

in which rats must actively decide whether to engage in lever pressing (DS+) or withhold lever 

pressing (DS−) on a trial-by-trial basis, both the IL and PL contribute to the inhibitory control of 

drug-seeking behavior.

The medial prefrontal cortex (mPFC) is critically involved in the promotion and inhibition of 

the motivated behavior involved in drug seeking and taking. In the context of drug taking, 

the inhibition of behavior involves, in part, withholding drug seeking in situations in which 

drug rewards are not available. Considerable work has focused on understanding the roles of 
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the infralimbic and prelimbic (IL and PL, respectively) subregions of the mPFC in such 

behavior, yet previous findings have produced conflicting results. Studies using self-

administration paradigms indicate that PL and IL activity drive and inhibit, respectively, 

cocaine seeking during extinction and reinstatement or as part of an incubation of craving 

test (LaLumiere et al, 2012; Ma et al, 2014; McFarland and Kalivas, 2001). Yet, other work 

suggests more complicated pictures of the roles of each subregion in promoting or inhibiting 

motivated behavior (Bossert et al, 2011; Moorman and Aston-Jones, 2015a; Rogers et al, 
2008; Van den Oever et al, 2008).

Drug-addicted individuals modulate their drug-seeking behavior in part by relying on 

specific cues, or discriminative stimuli (DSs), to predict the availability, or lack thereof, of 

drug reward (DS+ and DS−, respectively). Indeed, individuals with cocaine and heroin 

addiction have high levels of craving in contexts with a DS+ (McHugh et al, 2014; Weiss et 
al, 1995).

Similarly, discrete drug-paired stimuli invigorate drug-seeking and drug-taking behavior in 

rodents (Di Ciano and Everitt, 2003; Panlilio et al, 1996, 2000). Frequently, however, these 

stimuli are conditioned stimuli (CS) that coincide with delivery of the drug. In contrast, DSs 

precede drug delivery, providing information about the availability of the drug. With 

substantial training, rats are able to attend to both DS+ and DS− and to withhold drug taking 

in the presence of DS− (e.g., Kearns et al, 2005; Yun and Fields, 2003). This suggests the 

possibility of using such a design to elucidate how the IL and PL regulate the promotion and 

inhibition of cocaine seeking and taking in response to specific DSs.

Prior work has found that humans instructed to inhibit cigarette craving show activation of 

regions of the prefrontal cortex (Kober et al, 2010). In rats, withholding responding for 

cocaine in the presence of a long-lasting DS− enhances Fos expression in the PL and, to a 

lesser extent, the IL, suggesting the involvement of these regions in the inhibitory control of 

drug-taking behavior (Mihindou et al, 2013; Navailles et al, 2015). Other work using a DS 

task with a sucrose reward suggests that IL, but not PL, inactivation disinhibits behavioral 

responding, resulting in increased lever presses in the presence of a DS− signaling the 

absence of sucrose pellet availability (Ishikawa et al, 2008). In contrast, PL inactivation 

decreases lever pressing in the presence of a DS+.

These studies suggest the IL and PL may be involved in mediating appropriate behavioral 

responses during cocaine self-administration under conditions in which DSs predict drug 

availability and its absence. However, in light of the conflicting findings regarding how the 

IL and PL regulate drug seeking, the specific contribution of each region during such a task 

is unknown. Thus, in the present study, we employed a cocaine self-administration paradigm 

in which distinct DSs indicated whether a lever press would produce a cocaine infusion. Rats 

were given microinjections into the IL or PL and their performance in response to the DSs 

was assessed.
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Materials and Methods

Subjects

Male Sprague-Dawley rats (Charles River, ~300 g at the time of surgery, n = 62) were 

individually housed in a temperature-controlled environment and maintained on a 12-h 

reverse light-dark cycle. Rats were given ~20 g of rat chow per day. Methods were approved 

by the University of Iowa Institutional Animal Care and Use Committee and were in 

compliance with NIH guidelines for care of laboratory animals. Rats underwent behavioral 

training 6 days per week.

Surgery

Each rat underwent surgery for implantation of a double-barreled cannula aimed 

simultaneously at the infralimbic and prelimbic cortices (IL and PL, respectively) and, in 

some cases, implantation of an intravenous jugular catheter. Surgical details are provided in 

the Supplement.

Microinjections

Microinjection procedures are described in the Supplement. Drugs and doses for 

microinjections were based on previous work, as follows: GABAB/A receptor agonists 

baclofen and muscimol (BM, administered as a cocktail at 0.3 nmol and 0.03 nmol per side, 

respectively), the general dopamine receptor antagonist fluphenazine (10 nmol per side), and 

the AMPA/kainate glutamate receptor antagonist CNQX (1 nmol per side) (Cornish and 

Kalivas, 2000; Cosme et al, 2015; LaLumiere and Kalivas, 2008; McFarland and Kalivas, 

2001). These drugs have been shown to act as agonists/antagonists for their respective 

receptors (Baufreton et al, 2001; Honore et al, 1988; O’Neil 2006; Morgan and Finch, 1986; 

Wang et al, 2003). All drugs were dissolved into artificial cerebrospinal fluid (aCSF), which 

also served as the vehicle control. A volume of 0.3 μL of aCSF or the drugs (BM, CNQX, or 

fluphenazine) was infused at a rate of 0.3 μL/min, and microinjectors remained in place for 3 

minutes to permit diffusion. All rats received microinjections of aCSF and drug in both brain 

regions in a counterbalanced fashion, except when catheter patency was lost or rats fell ill 

before completion of microinjections. Thus, in most cases, rats received four 

microinjections. At least two training days occurred between each microinjection.

Behavioral Training—All experiments were carried out in operant chambers (Med 

Associates, Fairfield, VT) equipped with a central food trough flanked by retractable levers, 

as well as a house light and tone generator. Experiments 1, 4, and 5 used a discriminative 

stimulus (DS) cocaine self-administration task, whereas Experiment 2 used a Food DS task. 

The DS task procedures are described under Experiment 1 but apply to all four DS 

experiments. The procedures for Experiments 3 and 6 are described in their respective 

sections. In the final form of each task, sessions were 2 h in length.

Experiment 1: For all DS experiments, rats underwent a series of food training procedures 

to learn the DS task. For rats that performed the Cocaine DS task, cocaine was slowly 

substituted for the food reward. These initial training procedures are described in detail in 
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the Supplement, whereas the following section describes the final parameters of the task in 

which microinjections were given.

The house light and tone generator served as the DSs, and the assignment as DS+ and DS− 

was counterbalanced across subjects. Sessions began with a 5 min “load-up” period, during 

which the DS+ was continuously presented except for a 20 s time out period following each 

lever press, and any lever presses on the active lever resulted in a cocaine infusion (Yun et al, 
2003). During the full task described in Figure 1A, active lever presses during DS+ 

presentation resulted in the delivery of either a 50 μL infusion of 150 μg cocaine (Cocaine 

DS task) or a 45 mg food pellet (Food DS task) into the central reward receptacle, whereas 

lever presses during the DS− presentation had no outcome. Following reinforced lever 

presses or 10 s of cue presentation, whichever came first, both levers were retracted and the 

DS was extinguished for an intertrial interval of 40–70 s, pseudorandomly selected. During 

the Cocaine DS task used in Experiments 1, 4, and 5, the DS+ and the DS− were each 

presented 53–57 times per session, and the total number of each trial type presented differed 

by no more than three. We selected an intertrial interval and a cocaine dose that would 

produce more DS+ presentations than rats would respond to in order to avoid a ceiling effect 

in the event that a drug manipulation increased responding during DS+ trials. Lever 

retraction was used to ensure that all lever presses occurred in the presence of a DS+ or a DS

−. Lever presses on the inactive (left) lever had no consequence. Accuracy in the task was 

assessed using the following formula: Rewards earned / total active lever responses * 100. In 

Experiments 1, 2, 4, and 5, rats were required to achieve 85% accuracy and at least 15 

infusions or pellets for three consecutive days before the first microinjection. At least two 

consecutive days of 85% accuracy was required between microinjections.

Experiment 1 examined whether IL and PL inactivation altered performance in the Cocaine 

DS task. For this experiment, rats were given BM or aCSF microinjections into the 

respective brain region (IL or PL) immediately prior to undergoing the DS task on that day.

Experiment 2: To determine whether the results of Experiment 1 extended to a food pellet 

reward, Experiment 2 examined the effects of PL and IL inactivation during a Food DS task. 

Rats tended to respond on more behavioral trials during the Food DS task relative to the 

Cocaine DS task, and as such, the full 10 s between the DS+ presentation and lever 

retraction passed on fewer trials. Therefore, the DS+ and DS− were each presented 53 to 63 

times per session in the Food DS task.

Experiment 3: Because both IL and PL inactivation decreased the number of cocaine 

infusions in Experiment 1, this experiment investigated whether IL and PL inactivation 

affected cocaine self-administration on a fixed ratio 1 (FR1) schedule of reinforcement, 

using self-administration procedures used previously (Cosme et al, 2015).

Experiment 4: As prior work indicates that dopamine input to the mPFC is necessary for at 

least some of the reinforcing effects of psychostimulants (Ecke et al, 2012; McGregor and 

Roberts, 1995), Experiment 4 investigated whether dopamine receptor blockade via 

microinjections of the dopamine receptor antagonist fluphenazine into the PL and IL alter 

behavior during the Cocaine DS task.
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Experiment 5: To determine whether AMPA/kainate receptor blockade in the PL and IL 

alters behavior during the Cocaine DS task, rats received microinjections of the AMPA/

kainate receptor antagonist CNQX into the IL and PL in the Cocaine DS task.

Experiment 6: The results from Experiments 1 and 2 indicated that PL inactivation 

decreased the number of cocaine infusions earned but, surprisingly, had no effect on the 

number of food pellets earned. Rats can immediately consume a food pellet upon delivery, 

whereas prior work indicates that an intravenous cocaine infusion requires approximately 10 

s to increase dopamine levels in the brain (Aragona et al, 2008). Therefore, we considered 

the possibility that PL inactivation differentially affects motivation to earn immediate vs. 

delayed rewards or impairs rats’ ability to make an association between a lever press and the 

delivery of a delayed reward (cocaine). To address this issue, rats underwent training 

procedures for the Immediate vs. Delayed Food Reward task described in detail in the 

Supplement. In brief, rats learned that one cue predicted the extension of a lever associated 

with an immediate food reward, and the other cue predicted the extension of a different lever 

associated with a delayed (20 s) food reward. A lever press resulted in the delivery of the 

associated reward. The effects of IL and PL inactivation on immediate and delayed pellets 

earned during the task were then examined.

Histological Analysis

Rats were administered an overdose of sodium pentobarbital (100 mg/kg, i.p.) and 

intracardially perfused with saline. Brains were placed in 3.7% formaldehyde for a 

minimum of 48 h prior to sectioning. Coronal slices (75 μm) were taken and mounted on 

gelatin-coated slides. Sections were stained with Cresyl violet and coverslipped. 

Microinjector track marks were visualized using a light microscope, and rats with 

termination points that fell outside the IL or PL were excluded from analysis.

Data Analysis

Several measures of behavior were assessed. Calculation of total infusions included the 5 

min load-up period at the beginning of the session, whereas all other analyses excluded this 

period. Total rewards earned (cocaine or food pellets) and percent accuracy were analyzed 

using a paired t-test to compare aCSF to drug microinjections. Because a change in accuracy 

can reflect a change in either the total rewards earned, the incorrect lever presses, or both, 

DS+ and DS− response ratios are also reported. DS+ and DS− response ratios are presented 

as the proportion of DS presentations to which the rats responded. The DS+ response ratio 

was calculated as: Total Infusions / Total DS+ presentations. The DS− response ratio was 

calculated as: DS− trials during which rats pressed the active lever / Total DS− 

presentations. Response ratios were analyzed using a paired t-test. Rats with < 70% accuracy 

on the aCSF day were excluded from analyses. For all analyses, p < 0.05 was considered 

statistically significant. Measures are expressed as mean ± SEM.

Results

Supplemental Figure 1 shows histological confirmation of correct cannula placements, with 

a detailed description of the included animals described in the Supplement. Supplemental 
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Table 1 summarizes the main findings from Experiments 1–5. In all experiments, 

microinjections had no effect on the number of inactive lever presses (data not shown).

Experiment 1

Figure 1 shows the results of Experiment 1, in which rats received BM microinjections into 

the IL and PL during the Cocaine DS task. Figures 1B and C show that IL inactivation 

significantly decreased the number of cocaine infusions in the Cocaine DS task (t(8) = 3.67, 

p < 0.01) and decreased performance accuracy (t(8) = 3.07, p < 0.05). Figures 1D and E 

show that IL inactivation significantly decreased DS+ response ratio (t(8) = 2.50, p < 0.05), 

while increasing DS− response ratio (t(8) = 2.27, p < 0.05). Because the levers did not 

retract following responses on DS− trials, rats could make more than one response per trial. 

An examination of total active lever presses during both types of trials showed that rats made 

fewer active lever presses on DS+ trials following IL inactivation (mean ± SEM: 27.67 

± 2.56 for aCSF vs. 14.89 ± 4.03 for BM, t(8) = 2.56, p < 0.05) but made more lever presses 

on DS− trials following IL inactivation (mean ± SEM: 1.44 ± 0.59 for aCSF vs. 6.22 ± 1.59 

for BM, t(8) = 2.32, p < 0.05). Figures 1F and G show that PL inactivation significantly 

decreased both the number of cocaine infusions t(8) = 6.07, p < 0.001) and performance 

accuracy (t(8) = 3.96, p < 0.01). Figures 1H and I show that PL inactivation significantly 

decreased DS+ response ratio (t(8) = 5.54, p < 0.001) and increased DS− response ratio (t(8) 

= 2.38, p < 0.05). An examination of total active lever presses showed that IL inactivation 

decreased total active lever presses during DS+ trials (mean ± SEM: 28.78 ± 2.64 for aCSF 

vs. 16.11 ± 2.85 for BM, t(8) = 5.80, p < 0.001), while marginally increasing active lever 

presses during DS− trials (mean ± SEM: 3.44 ± 1.04 for aCSF vs. 10.78 ± 4.16 for BM, t(8) 

= 1.92, p = 0.09).

Experiment 2

Figure 2 shows the results of Experiment 2, in which rats received BM microinjections into 

the IL and PL during a Food DS task. IL inactivation resulted in a trend for a decrease in the 

number of food pellets earned per behavioral session (Figure 2A, t(6) = 2.08, p = 0.08) and 

significantly decreased performance accuracy (Figure 2B, t(6) = 4.19, p < 0.01). Figures 2C 

and D show that IL inactivation had no effect on DS+ response ratio (t(6) = 1.69, p > 0.05) 

but resulted in an increase in the DS− response ratio (t(6) = 3.60, p < 0.05). IL inactivation 

had no effect on active lever presses during DS+ trials (mean ± SEM: 56.43 ± 0.72 for aCSF 

vs. 48.29 ± 3.89 for BM, t(6) = 1.89, p > 0.05) and marginally increased active lever presses 

during DS− trials (mean ± SEM: 7.0 ± 1.94 for aCSF vs. 44.86 ± 16.46 for BM, t(6) = 2.26, 

p = 0.06). PL inactivation had no effect on the number of food pellets earned (Figure 2E, t(7) 

= 0.76, p > 0.05) but significantly decreased performance accuracy in this task (Figure 2F, 

t(7) = 2.80, p < 0.05). Figures 2G and H show that PL inactivation had no effect on DS+ 

response ratio (t(7) = 1.35, p > 0.05) but significantly increased the DS− response ratio (t(7) 

= 11.05, p < 0.0001). PL inactivation had no effect on active lever presses during DS+ trials 

(mean ± SEM: 53.00 ± 1.32 for aCSF vs. 51.63 ± 2.14 for BM, t(7) = 0.82, p > 0.05) and 

significantly increased active lever presses during DS− trials (mean ± SEM: 7.50 ± 1.22 for 

aCSF vs. 18.38 ± 3.49 for BM, t(7) = 2.62, p < 0.05).
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Experiment 3

Figure 3 shows the results of Experiment 3, in which rats received BM microinjections into 

the IL and PL during cocaine self-administration on an FR1 schedule of reinforcement 

(Cocaine FR1 task). IL and PL inactivation decreased the total number of cocaine infusions 

(Figure 3A and B, t(6) = 3.90, p < 0.01; t(6) = 4.47, p < 0.01, respectively).

Experiment 4

Figure 4 shows the results of Experiment 4, in which rats received fluphenazine 

microinjections into the IL and PL during the Cocaine DS task. Dopamine receptor blockade 

in the IL significantly increased the total number of infusions (Figure 4A, t(9) = 3.46, p < 

0.01) and decreased performance accuracy (Figure 4B, t(9) = 2.45, p < 0.05). Figures 4C and 

D show that dopamine receptor blockade significantly increased the DS+ response ratio (t(9) 

= 3.28, p < 0.01) and marginally increased the DS− response ratio (t(9) = 1.99, p = 0.07). IL 

dopamine receptor blockade increased active lever presses during DS+ trials (mean ± SEM: 

26.50 ± 3.32 for aCSF vs. 35.00 ± 3.18 for fluphenazine, t(9) = 3.20, p < 0.05) and 

marginally increased active lever presses during DS− trials (mean ± SEM: 1.60 ± 1.09 for 

aCSF vs. 5.60 ± 1.56 for fluphenazine, t(9) = 2.02, p = 0.07). As shown in Figures 4E and F, 

respectively, dopamine receptor blockade in the PL significantly increased the total number 

of cocaine infusions (t(9) = 3.23, p < 0.05), but had no effect on accuracy (t(9) = 0.35, p > 

0.05). Intra-PL microinjections of fluphenazine increased DS+ response ratio (Figure 4G, 

t(9) = 4.02, p < 0.01) and had no effect on DS− response ratio (Figure 4H, t(9) = 1.21, p > 

0.05). PL dopamine receptor blockade increased active lever presses during the DS+ trials 

(mean ± SEM: 25.70 ± 2.79 for aCSF vs. 34.40 ± 3.76 for fluphenazine, t(9) = 4.24, p < 

0.01) but had no effect on active lever presses during DS− trials (mean ± SEM: 2.0 ± 0.68 

for aCSF vs. 4.4 ± 1.78 for fluphenazine, t(9) = 1.29, p = 0.23).

Experiment 5

Figure 5 shows the results of Experiment 5, in which rats received intra-IL and -PL 

microinjections of the AMPA/kainate receptor antagonist CNQX during the Cocaine DS 

task. As shown in Figures 5A and B, respectively, IL AMPA receptor blockade did not alter 

the total number of infusions (t(8) = 0.90, p > 0.05) or performance accuracy (t(8) = 0.47, p 
> 0.05). Similarly, IL AMPA receptor blockade had no effect on DS+ response ratio (Figure 

5C, t(8) = 0.40, p > 0.05) or DS− response ratio (t(8) = 0.15, p > 0.05). IL AMPA receptor 

blockade had no effect on active lever presses during DS+ trials (mean ± SEM: 25.60 ± 4.01 

for aCSF vs. 23.80 ± 1.93 for fluphenazine, t(9) = 0.57, p > 0.05) or during DS− trials (mean 

± SEM: 3.60 ± 1.69 for aCSF vs. 3.1 ± 1.48 for CNQX, t(9) = 0.42, p > 0.05). As shown in 

Figures 5E and F, respectively, PL AMPA receptor blockade significantly decreased the total 

number of cocaine infusions earned (t(8) = 2.84, p < 0.05) but did not affect performance 

accuracy (t(8) = 0.85, p > 0.05). Figures 5G and H show that CNQX microinjection into the 

PL marginally decreased the DS+ response ratio (t(8) = 2.13, p = 0.07) without affecting the 

DS− response ratio (t(8) = 0.96, p > 0.05). PL AMPA receptor blockade marginally 

decreased active lever presses during DS+ trials (28.78 ± 2.20 for aCSF vs. 25.11 ± 2.65 for 

CNQX, t(8) = 2.23, p = 0.06) but had no effect on active lever presses during DS− trials 

(mean ± SEM: 3.78 ± 1.25 for aCSF vs. 6.44 ± 3.92 for CNQX, t(8) = 0.91, p > 0.05).
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Experiment 6

Supplemental Figure 2 shows the results of Experiment 6, in which rats received BM 

microinjections into the IL and PL in the Immediate vs. Delayed Food Reward task. IL and 

PL inactivation had no effect on the total number of immediate or delayed pellets earned.

Discussion

The present study extends prior work examining how the IL and PL subregions of the mPFC 

control reward-seeking behavior, particularly with regard to the promotion and inhibition of 

the instrumental behavior involved in obtaining cocaine. In an effort to use a different 

approach to address this issue, these experiments used tasks in which distinct discriminative 

stimuli (DSs) signaled the availability, or lack thereof, of a reward. Our findings suggest that 

the IL and PL both contribute to the inhibitory control of cocaine and food seeking. 

Specifically, IL and PL inactivation decreased accuracy and increased DS− responses for the 

Cocaine and Food DS tasks. IL and PL inactivation also reduced DS+ responses and the 

number of cocaine infusions earned during the DS task, though only IL inactivation 

marginally decreased the number of rewards earned during the Food DS task. Finally, the 

present results indicate that a dopamine receptor antagonist increased the total number of 

cocaine infusions when microinjected into the IL or PL but impaired performance accuracy 

and marginally increased DS− responding only when given into the IL.

IL vs. PL control of drug and non-drug reward seeking

The goal of the present study was to examine the roles of the IL and PL in a cocaine self-

administration task in which both promotion and inhibition of instrumental behavior could 

be simultaneously observed by using DSs to indicate reward availability. The decreased 

performance accuracy in the Cocaine and Food DS tasks with PL and IL inactivation 

reflects, at least in part, increased active lever pressing in the presence of the DS−, 

suggesting activity in these brain regions contributed to behavioral inhibition in the presence 

of the DS−. IL and PL inactivation appeared to produce greater levels of disinhibition in the 

Food DS task relative to the Cocaine DS, as evidenced by the DS− response ratios following 

IL and PL inactivation. However, it is important to note that this likely reflects differences in 

the nature of the reinforcement. As a post-injection pause following intravenous cocaine 

infusions at this dose is estimated to be > 120 s (Tsibulsky and Norman, 1999), rats may not 

engage in cocaine-seeking in the presence of DS− due to cocaine satiation. In contrast, rats 

are unlikely to be sated by a 45 mg pellet of food, and therefore, may be more likely to 

engage in food seeking when a DS− trial follows a DS+ trial. Thus, the substantial 

difference in the DS+ response ratios between the two tasks raises a critical caveat in making 

direct comparisons.

Many findings suggest that the PL and IL play opposing roles, driving and inhibiting reward 

seeking, respectively. Pharmacology studies using a DS-based sucrose-seeking task indicate 

that the IL inhibits behavioral responding when a DS− is present, whereas the PL drives 

such responding in the presence of a DS+ (Ishikawa et al, 2008). Consistent with opposing 

roles for these regions, IL activity suppresses cocaine seeking following extinction training, 

whereas PL activity drives the reinstatement of drug-seeking behavior (LaLumiere et al, 
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2012; McFarland and Kalivas, 2001; McLaughlin and See, 2003; Peters et al, 2008; 

Willcocks and McNally, 2013). Similarly, recent work using an incubation of craving 

paradigm found that plasticity in the IL-to-nucleus accumbens pathway is responsible for 

inhibiting the incubation of cocaine craving, whereas plasticity in the PL-to-accumbens 

pathway does the opposite (Ma et al, 2014).

Nonetheless, other research suggests the IL and PL do not serve strictly dichotomous roles, 

and in many studies, the PL exerts inhibitory control over motivated behavior (Moorman et 
al, 2015b). Consistent with this, previous work has found that disruption of PL activity 

impairs inhibitory control of behavior in stop-signal and waiting tasks (Broersen and 

Uylings, 1999; Jonkman et al, 2009; Narayanan et al, 2006) and, in one case, has found that 

IL inactivation does not alter inhibitory control in a stop-signal task (Bari et al, 2011). In 

other work, the PL, and to a lesser extent the IL, shows enhanced c-Fos expression when rats 

engage in the inhibitory control of cocaine-taking behavior during a 30-min session in which 

a DS− is continuously presented and lever presses on a previously active lever are no longer 

reinforced (Mihindou et al, 2013; Navailles et al, 2015). In the study by Mihindou and 

colleagues, PL, but not IL, inactivation disinhibited cocaine-seeking behavior in the presence 

of the DS−. Of particular interest, in a recent electrophysiology study that used a sucrose-

seeking task in a paradigm similar to the present one, IL and PL activity did not show 

appreciable differences compared to each other during the promotion vs. extinction of the 

sucrose-seeking behavior (Moorman et al, 2015a).

Although speculative, it is likely that the discrepancies among these studies, including the 

current one, are accounted for by differences in the behaviors under investigation 

(reinstatement vs. self-administration), the task design, and the type of reward. Indeed, the 

mPFC likely engages in relatively complex processing in its control over motivated behavior 

and, thus, it is not surprising that the roles of the mPFC and its subregions are highly 

dependent on subtle task differences and demands. For example, in contrast to the study by 

Mihindou and colleagues noted above, the present study required rats to attend to the DS 

presentation on each trial and found that inactivation of either region disinhibited cocaine 

seeking on DS− trials. Thus, the nature of the DS – i.e., serving as either a long-lasting 

contextual cue or as a discrete trial-by-trial cue – likely involves rather different neural 

processing, as the demands required for each DS are distinct and, therefore, would seem to 

recruit the mPFC subregions in different ways.

Because IL and PL inactivation increased DS− response ratio while decreasing DS+ 

response ratio, response withholding in the presence of DS− versus a DS+ would appear to 

be mediated by different neural processes. However, a distinct possibility is that the neural 

processes underlying these phenomena are linked or even the same. Indeed, IL/PL 

inactivation may simply induce a reduction in discriminative abilities of the rats. However, 

as inactive lever presses did not change, such a reduction must not be global in its effects on 

discrimination. Moreover, it should be noted that dopamine receptor blockade in the IL 

increased the DS+ response ratio as well as marginally increased the DS− response ratio, a 

distinct effect compared to the other experiments. This suggests that these processes are 

either independent or can be independently influenced, even if they are in fact linked.
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Previous work indicates that the PL critically contributes to instrumental responding and PL 

lesions impair action-outcome associations (Balleine and Dickinson 2005; Corbit and 

Balleine 2003), suggesting the possibility that PL inactivation has effectively disrupted the 

rat’s knowledge of the task rules. Other work using a sucrose-seeking task reports that the IL 

and PL both encode contextually appropriate behavioral initiation or withholding during a 

DS task, suggesting a more general role of the IL and PL in encoding information that is 

used to guide behaviorally appropriate responses (Moorman et al, 2015a). Thus, impaired 

performance accuracy resulting from IL and PL inactivation in the present task may result 

from disruption of encoding appropriate external information (e.g., discrete cues). In the 

absence of the successful encoding of the information provided by the DS−, rats would be 

expected to engage in cocaine-seeking behavior, ultimately resulting in a decrease in 

performance accuracy.

Changes in earned rewards

The decrease in accuracy following IL and PL inactivation in the Cocaine DS task was 

accompanied by a decrease in the total number of cocaine infusions earned, as well as a 

decrease in the DS+ response ratio. As IL and PL inactivation similarly decreased cocaine 

infusions under an FR1 schedule of reinforcement, the decrease in infusions in the Cocaine 

DS task may reflect a change in the reinforcing properties of cocaine or a decrease in 

motivation to self-administer cocaine. However, if that is the case, it is unclear why this was 

accompanied by an increase in DS− responding, again raising the question about potential 

linkage in the neural processing underlying these behaviors. One possibility is that, even 

with the decrease in reinforcing properties or motivation, there was a simultaneous 

disruption in discriminative ability, leading to impaired accuracy. Presumably, if these could 

be separated, IL and PL inactivation could produce an even greater level of responding 

during the DS− than was currently observed. Our findings showing a decrease in cocaine 

intake are consistent with previous work showing that PL inactivation reduces drug taking in 

a paradigm in which contextual cues predict drug availability (Di Pietro et al, 2006). 

However, they are in discordance with two previous studies that report that the PL inhibits 

cocaine taking. Chen et al reported that optical stimulation of the PL attenuates earned 

cocaine infusions in rats that showed compulsive cocaine-taking behavior, suggesting a role 

for the PL in inhibiting drug taking (Chen et al, 2013). In this study, rats were required to 

press a cocaine-seeking lever, followed by a cocaine-taking lever, and the compulsivity of 

cocaine seeking was later examined by exposing the rats to footshock. In another study, 

optical inhibition of the PL increased cocaine self-administration in rats that had short, but 

not long, interinfusion intervals on an FR5 schedule (Martin-Garcia et al, 2014). In both 

cases, notable differences in task design make direct comparison difficult and likely underlie 

the discrepancy.

Receptor-specific manipulations

Based on the initial findings using GABAergic agonists to inactivate the mPFC, the present 

study then examined the roles of dopaminergic and fast excitatory neurotransmission in the 

mPFC in the Cocaine DS task. In contrast to IL and PL inactivation, dopamine receptor 

blockade in the IL, but not PL, decreased accuracy, suggesting the importance of dopamine 

receptors in the IL in the inhibitory control of cocaine seeking. However, the decrease in 
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performance accuracy with fluphenazine in the IL, while statistically significant, was lower 

in magnitude compared to that observed with IL inactivation (6% vs. 19%, respectively), 

suggesting that the IL dopamine receptors only partially contribute to the role of the IL in 

withholding responses in this task. Unexpectedly, AMPA receptor blockade in the PL and IL 

had no effect on performance accuracy or DS− response ratio, indicating that AMPA 

receptor-mediated transmission played little-to-no role in the inhibition of such behavior.

Additionally, the present experiments found that dopamine receptor blockade in both 

structures increased cocaine self-administration, as evidenced by the increase in number of 

cocaine infusions obtained, as well as the increase in the DS+ response ratio. This is 

consistent with previous work showing that dopamine receptor blockade in the medial 

prefrontal cortex increased cocaine self-administration on an FR1 schedule of reinforcement 

(Ecke et al, 2012; McGregor et al, 1995). These findings suggest that dopamine receptor 

activation in the mPFC plays a role in the reinforcing effects of cocaine, as the rats take 

more cocaine in order to increase dopamine levels even further and “overcome” the 

dopamine receptor blockade.

Experimental Design Considerations

As noted in the Introduction, CSs and DSs may both be important aspects of drug use that 

help to drive drug-seeking behavior in humans, and, indeed, CSs acting as conditioned 

reinforcers have been widely used in self-administration and reinstatement paradigms to 

drive lever-pressing behavior. Though less common, paradigms using DSs permit 

interrogation of the systems that utilize external cues to both promote and inhibit drug-

seeking behavior. Although some previous studies have used a DS− to indicate that lever 

presses on a previously rewarded or active lever will no longer result in drug delivery, these 

have often used a long-lasting DS− (e.g., a house light turning on or off for a length of time) 

indicating drug availability. In contrast, the present experiments used a modified version of a 

DS task used by Yun and colleagues, which employed discrete, short presentations of DSs 

(Yun et al, 2003). Thus, rats were required to engage in or withhold lever-pressing behavior 

on a trial-by-trial basis depending on the specific stimulus presented (DS+ vs. DS−, 

respectively). Because this requires attention at each trial and the DS+ and DS− trials are 

interspersed over the 2 h test period, concerns about the time course of animal behavior 

and/or half-life of pharmacological agents are mitigated. Moreover, the present task and its 

associated measures enable dissociation between neural activity responsible for driving 

behavior during the DS+ and withholding behavior during the DS−. It should be noted, 

however, that the Cocaine DS task used herein required extensive training relative to a 

standard FR1 self-administration task, a challenge that may preclude its widespread use.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A. Flowchart for the final form of the DS task. Trials began with the presentation of a house 

light or tone that served as the DSs (either the DS+ or the DS−), followed 1 s later by the 

extension of both levers. A right lever press within 9 s of lever extension resulted in the 

infusion of cocaine or delivery of a food pellet, termination of the DS+, and retraction of the 

levers. Lever presses during DS− trials had no programmed consequence. Intertrial intervals 

were 40–70 s long. B–E, Total cocaine infusions, accuracy, DS+ response ratio, and DS− 

response ratio of those rats receiving either aCSF or baclofen/muscimol (BM, 0.3 nmol and 

0.03 nmol per side, respectively) microinjections into the IL during the Cocaine DS task, 

respectively (all given as mean +/− SEM). IL inactivation decreased total infusions, 

accuracy, and DS+ response ratio and increased DS− response ratio. F–I, Same measures as 

above, respectively, with rats receiving intra-PL microinjections. PL inactivation 

significantly decreased total infusions, accuracy, and DS+ response ratio, and increased DS− 

response ratio. #p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.0001.
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Figure 2. 
Results of IL and PL inactivation during the Food DS task. A–D, Total food pellets, 

accuracy, DS+ response ratio, and DS− response ratio of those rats receiving either aCSF or 

baclofen/muscimol (BM, 0.3 nmol and 0.03 nmol per side, respectively) microinjections into 

the IL during the Food DS task, respectively (all given as mean +/− SEM). IL inactivation 

marginally decreased food pellets obtained, significantly decreased accuracy, and increased 

the DS− response ratio, without affecting the DS+ response ratio. E–H, Same measures as 

above, respectively, with rats receiving intra-PL microinjections. PL inactivation decreased 

accuracy and increased DS− response ratio but had no effect on food pellets obtained or DS+ 

response ratio. #p = < 0.1, *p < 0.05, **p < 0.01, ****p < 0.0001.
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Figure 3. 
Results of IL and PL inactivation during the Cocaine FR1 task. A and B, Cocaine infusions 

taken with IL and PL inactivation with baclofen/muscimol (BM) microinjections, 

respectively (number of infusions shown as mean +/− SEM). IL and PL inactivation 

decreased the number of cocaine infusions in the FR1 cocaine self-administration task. **p 
< 0.01.

Gutman et al. Page 17

Addict Biol. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Results of dopamine receptor blockade in the IL and PL during the Cocaine DS task. A–D, 
Cocaine infusions, accuracy, DS+ response ratio, and DS− response ratio of those rats 

receiving either aCSF or fluphenazine (10 nmol/side) microinjections into the IL during the 

Cocaine DS task, respectively (all given as mean +/− SEM). Intra-IL microinjections of 

fluphenazine significantly increased cocaine infusions and DS+ response ratio, significantly 

decreased accuracy, and marginally increased DS− response ratio. E–H, Same measures as 

above, respectively, with rats receiving intra-PL microinjections. Dopamine receptor 

blockade in the PL significantly increased the number of cocaine infusions taken and 

increased the DS+ response ratio but otherwise had no effect on any other measure. #p < 0.1, 

*p < 0.05, ** p < 0.01.

Gutman et al. Page 18

Addict Biol. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
A, Results of AMPA receptor blockade in the IL and PL during the Cocaine DS task. A–D, 
Cocaine infusions, accuracy, DS+ response ratio, and DS− response ratio of those rats 

receiving either aCSF or CNQX (1 nmol/side) microinjections into the IL during the 

Cocaine DS task, respectively. Intra-IL microinjections of CNQX had no effects on any 

measure during the task (all given as mean +/− SEM). E–H, Same measures as above, 

respectively, with rats receiving intra-PL microinjections. AMPA receptor blockade in the 

PL significantly decreased the number of cocaine infusions taken and marginally decreased 

the DS+ response ratio but had no effect on accuracy or DS− response ratio. #p < 0.1, *p < 

0.05.
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