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Abstract

Performance in an adjusting delay discounting procedure is predictive of drug abuse vulnerability;

however, the shared underlying specific prefrontal neural systems linking delay discounting and

increased addiction-like behaviors are unclear. Rats received direct infusions of methylphenidate

(MPH; 6.25, 25.0, or 100 μg), amphetamine (AMPH; 0.25, 1.0, or 4.0 μg), or atomoxetine (ATO;

1.0, 4.0, or 16.0 μg) into either medial prefrontal cortex (mPFC) or orbitofrontal cortex (OFC)

immediately prior to performance in an adjusting delay task. These drugs were examined because

they are efficacious in treating impulse control disorders. Because dopamine (DA) and serotonin

(5-HT) receptors are implicated in impulsive behavior, separate groups of rats received

microinfusions of the DA receptor-selective drugs SKF 81297 (0.1 or 0.4 μg), SCH 23390 (0.25 or

1.0 μg), quinpirole (1.25 or 5.0 μg), and eticlopride (0.25 or 1.0 μg), or received microinfusions of

the 5-HT receptor-selective drugs 8-OH-DPAT (0.025 or 0.1 μg), WAY 100635 (0.01 or 0.04 μg),

DOI (2.5 or 10.0 μg), and ketanserin (0.1 or 0.4 μg). Impulsive choice was not altered significantly

by MPH, AMPH, or ATO into either mPFC or OFC, indicating that neither of these prefrontal

regions alone may mediate the systemic effect of ADHD medications on impulsive choice.
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However, quinpriole (1.25 μg) and eticlopride infused into mPFC increased impulsive choice,

whereas 8-OH-DPAT infused into OFC decreased impulsive choice. These latter results

demonstrate that blockade of DA D2 receptors in mPFC or activation of 5-HT1A receptors in OFC

increases impulsive choice in the adjusting delay procedure.
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adjusting delay discounting; dopamine transporter; norepinephrine transporter; dopamine receptor;
serotonin receptor; rat

1. Introduction

Delay discounting refers to a decrease in subjective value of a reinforcer as the delay to its

delivery is increased and can be measured in both humans and laboratory animals.

Typically, a subject is allowed to choose between an immediate, small reward and a delayed,

larger reward. Subjects are considered more impulsive if they choose the small, immediate

reward over the larger, delayed reward (Ainslie, 1975). Delay discounting is associated with

substance abuse, as individuals diagnosed with substance use disorders show steeper

discounting of monetary rewards relative to controls (e.g., Bickel et al., 1999; Coffey et al.,

2003; Hoffman et al., 2006; Madden et al., 1997; Mitchell, 1999; Vuchinich and Simpson,

1998). Preclinical studies also show that increased sensitivity to delay is a predictor of drug

abuse vulnerability, as measured in several operant and non-operant paradigms (Anker et al.,

2009; Diergaarde et al., 2008; Marusich and Bardo, 2009; Perry et al., 2005, 2008a; Poulos

et al., 1995; Yates et al., 2012; but see Diergaarde et al., 2012 for an exception). Thus,

elucidating the neural substrates underlying impulsive choice and addiction is important for

the development of novel therapies to improve treatment outcomes.

Some lesion studies have implicated different regions of the prefrontal cortex in delay

discounting. The prefrontal cortex includes medial prefrontal and orbital frontal cortices

(mPFC and OFC, respectively) and is involved in the acquisition and relapse of drug use

(see Perry et al., 2011 for a review). Inactivation of mPFC increases sensitivity to delayed

reinforcement in a T-maze paradigm (Churchwell et al., 2009), although lesions to this area

do not alter delay discounting performance in an operant procedure (Cardinal et al., 2001).

Evidence suggests a role for OFC in impulsive decision making, although available results

are somewhat inconsistent. Lesions to OFC have been reported to increase (Mobini et al.,

2002; Kheramin et al., 2002, 2004; Rudebeck et al., 2006), decrease (Winstanley et al.,

2004), or have no effect on discounting (Abela and Chudasama, 2013; Churchwell et al.,

2009; Stopper et al., in press). These inconsistent findings may relate to the extent and

anatomical specificity of the lesion site across studies (e.g., Mar et al., 2011).

At the neurochemical level, evidence suggests that dopaminergic (DA) and serotonergic (5-

HT) activity within mPFC and OFC are involved in discounting behavior. Animals high in

impulsive choice show reduced electrically-evoked DA release in mPFC relative to low

impulsive animals (Diergaarde et al., 2008), and an elevation of intra-mPFC 5-HT efflux is

observed in animals performing a progressive delay discounting procedure (Winstanley et

al., 2006). Furthermore, decreasing DA levels in mPFC increases preference for a small,
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immediate reinforcer (Loos et al., 2010; Pardey et al., 2013). Similarly, antagonism of 5-

HT2A/C or DA D2-like receptors within OFC increases impulsive choice (Pardey et al.,

2013; Wischhof et al., 2011; Zeeb et al., 2010), although these effects may be dependent on

baseline levels of discounting (e.g., Zeeb et al., 2010). However, none of these studies have

examined the role of DA or 5-HT receptors in mPFC or OFC using an adjusting delay

discounting procedure.

The goal of the present study was to determine the role of DA and norepinephrine

transporters (DAT and NET, respectively), as well as DA and 5-HT receptors in mPFC and

OFC, in impulsive choice. In the current experiments, we used an adjusting delay procedure

to calculate a mean adjusting delay (MAD) score, a measure of indifference between a

small, immediate reinforcer and a large, delayed reinforcer. Lower MAD scores indicate

increased impulsive choice, whereas higher MAD scores indicate decreased impulsive

choice. We used this procedure because it has been shown to be a predictor of distinct stages

of the addiction process (Anker et al., 2009; Marusich and Bardo, 2009; Perry et al., 2005,

2008a; Yates et al., 2012). In Experiment 1, rats received intra-mPFC infusions of the

ADHD medications methylphenidate (MPH), amphetamine (AMPH), and atomoxetine

(ATO), which exert their therapeutic effects by blocking DAT and/or NET (see Biederman,

2005 for a review). Furthermore, individuals with ADHD show greater discounting of

delayed reinforcement relative to controls (Anouk et al., 2013; Demurie et al., 2012; Scheres

et al., 2010). In Experiment 2, rats received intra-mPFC infusions of the DA receptor-

selective drugs SKF 81297 (D1-like agonist), SCH 23390 (D1-like antagonist), quinpirole

(D2-like agonist), and eticlopride (D2-like antagonist). In Experiment 3, rats received intra-

mPFC infusions of the 5-HT receptor-selective drugs 8-OH-DPAT (5-HT1A agonist), WAY

100635 (5-HT1A antagonist), DOI (5-HT2A agonist), and ketanserin (5-HT2A antagonist).

Experiments 4–6 were similar to Experiments 1–3, except that rats received intra-OFC

infusions.

2. Results

2.1. Baseline MAD Scores

Figure 1 shows MAD scores during the final three sessions before guide cannulae

implantation and during the final three sessions before receiving the first microinfusion. A 2

× 3 × 2 × 3 ANOVA showed that rats that received bilateral cannulae into OFC had higher

baseline MAD scores relative to rats that received cannulae into mPFC (F(1, 36) = 10.40, p

< .05), perhaps due to a difference in the type of pellet reward used across these experiments

(see Procedures). However, there were no main effects of surgery, experiment, or session.

Therefore, data for each experiment were collapsed in the statistical analyses. Overall, MAD

scores were stable for rats receiving inta-mPFC and intra-OFC infusions.

2.2. ADHD medications

There were trends for MPH to increase MAD scores in mPFC and OFC (mPFC: t(10) =

2.18, p = .06, effect size = .90; OFC: t(10) = 1.98, p = .08, effect size = .75; Fig. 2a), which

suggests a decrease in impulsive choice. Within individual doses, MPH (100 μg) infused

into OFC tended to increase MAD scores (t(20) = 2.47, p = .07; Fig. 2a). AMPH or ATO
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infusions into mPFC or OFC did not significantly alter MAD scores (p’s > .13, effect sizes

< .68; Figs. 2b and 2c).

2.3. DA-selective drugs

There was no overall significant effect for SKF 81297 or SCH 23390 infusions into mPFC

or OFC (p’s > .14, effect sizes < .62; Figs. 3a and 3b). Quinpirole infused into mPFC tended

to increase impulsive choice (t(20) = −2.04, p = .054, effect size = .84; Fig. 3c). Subsequent

analysis showed that quinpirole (1.25 μg) infused into mPFC significantly decreased MAD

scores (t(37) = −2.35, p < .05; Fig. 3c). Eticlopride infused into mPFC also significantly

decreased MAD scores (t(20) = −2.68, p = .01, effect size = 1.10; Fig. 3d), although there

were no significant differences between individual doses of eticlopride and vehicle.

Administration of quinpriole or eticlopride into OFC did not significantly alter MAD scores

(p’s > .14, effect sizes < .56; Figs. 3c and 3d).

2.4. 5-HT-selective drugs

8-OH-DPAT infused into OFC significantly increased MAD scores (t(26) = 2.35, p = .03,

effect size = .79; Fig. 4a), although there were no significant differences between individual

doses of 8-OH-DPAT and vehicle. 8-OH-DPAT infused into mPFC did not significantly

alter MAD scores (effect size = .17; Fig. 4a). WAY 100635, DOI or ketanserin infusions

into mPFC or OFC did not significantly alter impulsive choice (p’s > .39; effect sizes < .30;

Figs. 4b–4d).

3. Discussion

There were three key findings in the current experiments. First, infusions of the ADHD

medication drugs (MPH, AMPH and ATO) into either mPFC or OFC did not reliably alter

delay discounting performance. Second, the DA D2-like agonist quinpirole (1.25 μg) and

antagonist eticlopride infused into mPFC increased impulsive choice. Third, infusion of the

5-HT1A selective agonist 8-OH-DPAT into OFC decreased impulsive choice. Thus, DA D2-

like receptors in mPFC and 5-HT1A receptors in OFC are involved in impulsive choice

measured by performance in the adjusting delay discounting procedure.

Impulsive choice (as measured with delay discounting) and impulsive action (as measured

with the five choice serial reaction time task) are predictive of distinct stages of the

addiction process, such as acquisition (Perry et al., 2005, 2008a), maintenance (Diergaade et

al., 2008; Marusich and Bardo, 2009), escalation (Anker et al., 2009; Dalley et al., 2007),

and reinstatement (Diergaarde et al., 2008; Economdou et al., 2009) of drug self-

administration. Because impulsivity is implicated in the addiction process, it is important to

understand the underlying neural mechanisms of impaired decision making to develop

treatment options for those with impulse control disorders and/or substance use disorders.

However, because we only examined delay discounting in the current experiments,

comparing and contrasting the underlying neural mechanisms of impulsive choice and

impulsive action is beyond the scope of this discussion (see Dalley et al., 2008; Winstanley,

2011 for discussions on the anatomical and neurochemical substrates of impulsivity).
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Given their efficacy in treating ADHD, we predicted that MPH, AMPH, and ATO would

decrease impulsive choice when infused into either mPFC and/or OFC. In humans, MPH

and AMPH decrease delay discounting (de Wit et al., 2002; Pietras et al., 2003). In rats,

ADHD medications administered systemically decrease sensitivity to delay in the adjusting

delay procedure (Perry et al., 2008b) and in the progressive delay procedure (Pitts and

McKinney, 2005; Robinson et al., 2008; van Gaalen et al., 2006; Wade et al., 2000;

Winstanley et al., 2003; Winstanley et al., 2005; but see Broos et al., 2012; Evenden and

Ryan, 1996), although the effects of MPH and AMPH on the adjusting delay procedure are

dependent on baseline levels of impulsive choice (Perry et al., 2008b). Due to the relatively

small sample size (N=6–8 per group), separately examining the effects of these drugs in rats

with low and high baseline levels of discounting was not feasible. Blocking NET did not

alter impulsive choice in the current study, which is consistent with previous reports

(Baarendse and Vanderschuren, 2012; van Gaalen et al., 2006; but see Robinson et al.,

2008). Furthermore, intra-mPFC and intra-OFC infusions of guanfacine, an α2-adrenergic

receptor agonist which is effective in treating ADHD (Biederman et al., 2008), do not alter

delay discounting (Pardey et al., 2013), although guanfacine infused into dorsal prelimbic

cortex increases impulsive action (Bari et al., 2011). Overall, the current results revealed no

significant effects of MPH, AMPH or ATO infused into either mPFC or OFC, perhaps

suggesting that other brain regions may play more important roles; indeed, mPFC and OFC

contribute to a network system involving multiple regions, including basolateral amygdala

and nucleus accumbens core (see Cardinal, 2006 for a comprehensive review), which are

known to contribute to impulsive choice (e.g., Cardinal et al., 2001; Winstanley et al., 2004).

Furthermore, recent evidence has implicated the anterior cingulate cortex as critically

involved in behavioral disinhibition among ADHD populations (Bledsoe et al., 2013) and in

delay discounting and behavioral disinhibition among stimulant abusing populations (see

Crunelle et al., 2012 for a review), although it is important to note that lesions to anterior

cingulate cortex do not alter impulsive choice in rats (Cardinal et al., 2001). Further studies

are needed to elucidate the exact neural mechanisms involved in the ability of ADHD

medications to reduce impulsive choice.

DA systems are thought to play a critical role in impulsive choice, especially in delay

discounting (see Winstanley, 2011 for a review). In the current study, there was a

dissociation of D1 and D2 receptor involvement in mPFC and OFC. While the D1-like drugs

did not significantly alter performance, both the D2-like agonist quinpirole and antagonist

eticlopride injected into mPFC increased impulsive choice. The lack of effect with D1-like

drugs into mPFC or OFC is consistent with previous work showing that systemic SCH

23390 does not alter performance in an adjusting amount procedure (Wade et al., 2000).

However, other work has shown that systemic or intra-mPFC administration of SCH 23390

increases impulsive choice in a progressive delay discounting procedure (Koffarnus et al.,

2011; Loos et al., 2010; van Gaalen et al., 2006; Zeeb et al., 2010). Interestingly, SCH

23390 also has been reported to decrease choice for a large magnitude reinforcer when no

delay is imposed (van Gaalen et al., 2006), thus complicating interpretation of the role of

D1-like receptors in delay discounting with a choice between two different reinforcer

magnitudes.
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This is the first study to demonstrate an increase in impulsive choice following antagonism

of D2-like receptors in mPFC but not in OFC. This finding contrasts with a study by Zeeb et

al. (2010), who reported that eticlopride increased the preference for a small, immediate

reward when infused into OFC. However, Zeeb et al. (2010) found that eticlopride increased

impulsive choice only when the delay to the larger reward was cued. In the current

experiment, the houselight remained illuminated during the delay to the larger reward, and it

was used instead to signal the start of each trial. Thus, the houselight may have been an

ambiguous cue, which may account for the lack of effect observed following intra-OFC

infusions of eticlopride.

Although blockade of D2-like receptors in mPFC increased delay discounting, activation of

these receptors with the agonist quinpirole also decreased preference for the larger, delayed

reward. In addition to activating D2 receptors, quinpirole also binds to D3 receptors (Gehlert

et al., 1992), and activation of these receptors decreases the preference for a larger,

probabilistic reinforcer (St Onge and Floresco, 2009). Further, quinpirole may have

stimulated D2 autoreceptors preferentially over D2 heteroreceptors at the lower

concentration (1.25 μg), which would be expected to result in a functional reduction in

extracellular DA release. This effect was not observed with the higher concentration of

quinpirole (5.0 μg), however, perhaps due to a more direct stimulation of D2 heteroreceptors.

Future studies are needed to elucidate the role of D2 autoreceptors and D3 receptors in delay

discounting.

It is important to note that impulsive choice can be conceptualized as a form of decision

making. In delay discounting, two factors influence an animal’s choice between two

reinforcers: delay to reinforcement and reinforcer magnitude (see Ho et al., 1999). One

limitation of the delay discounting procedure used in the current experiments is that this task

confounds sensitivity to reinforcer amount and sensitivity to delayed reinforcement. Thus,

we cannot rule out the possibility that intra-mPFC infusions of quinpirole and eticlopride

impaired the discriminability of the small and large magnitude reinforcers. However, choice

for the large magnitude reinforcer when its delivery is immediate is not altered following

intra-OFC infusions of eticlopride (Zeeb et al., 2010). Therefore, the increase in impulsive

choice observed in the current experiment appears to reflect increased intolerance to delayed

reinforcement as opposed to an inability to discriminate reinforcer magnitudes.

The serotonergic system has been implicated in impulsive choice as measured with the

adjusting delay procedure, as 5-HT depletion increases sensitivity to delay (Mobini et al.,

2000; Wogar et al., 1993). The current study revealed a decrease in impulsive choice

following 8-OH-DPAT into OFC. Since the 5-HT1A receptor is generally considered to be

an autoreceptor (Albert et al., 1996), a microinjection of the agonist 8-OH-DPAT would be

expected to decrease 5-HT signaling in OFC, thus suggesting that the decrease in impulsive

choice was associated with decreased 5-HT heteroreceptor activation in OFC. This finding

contrasts with previous results showing that systemic administration of 8-OH-DPAT

increases impulsive choice in the adjusting delay procedure (Blasio et al., 2012), as well as

in the progressive delay discounting task (Stanis et al., 2008; Winstanley et al., 2005).

Similar to the effects observed with DA D1 antagonists, 8-OH-DPAT and related 5-HT1A

agonists affect sensitivity to reinforcer magnitude (Liu et al., 2004; Stanis et al., 2008;
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Winstanley et al., 2005). Thus, the discrepant results observed in the current study with 8-

OH-DPAT may reflect differential alterations in sensitivity to reinforcer amount and/or

sensitivity to delayed reinforcement. Further, the discrepancy observed in the current study

and previous reports may be explained by differential involvement of subregions of OFC in

impulsive choice. For example, damage to lateral OFC increases delay discounting, whereas

damage to medial OFC decreases delay discounting (Mar et al., 2011). Future studies should

examine the potential dissociable effects of 5-HT1A receptors within subregions of OFC.

Despite the discrepancy, the present results suggest that simulating 5-HT1A receptors within

OFC, but not mPFC, decreases sensitivity to delayed reinforcement using an adjusting delay

procedure.

The present study observed no significant alteration in impulsive choice following activation

or blockade of 5-HT2A receptors within mPFC or OFC. In one previous study, DOI

increased impulsive choice in a T-maze paradigm (Wischhof et al., 2011). However, one

important procedural difference between studies is that the delay to the larger reinforcer (3

pellets) was titrated according to an animal’s responses during free-choice trials in the

current study, whereas the delay to the large reward (10 pellets) was always set to 10 sec in

the T-maze experiment (Wischhof et al., 2011). In any case, blockade of 5-HT2A receptors

with ketanserin did not significantly affect delay discounting behavior, which is consistent

with at least one previous report (Talpos et al., 2006). Thus, it appears that 5HT1A receptors

in OFC, but not 5HT2A receptors in either OFC or mPFC, contribute to impulsive choice.

There are at least two caveats to the current study that need to be mentioned. First, MAD

scores between rats that received intra-mPFC and intra-OFC infusions differed significantly.

It is important to note that the mPFC experiments were conducted before the OFC

experiments, and a couple of parameters were altered between mPFC and OFC experiments.

The food reinforcer used for mPFC and OFC differed, with grain-based food pellets used in

the mPFC experiments and sucrose pellets used in the OFC experiments. Considering

sucrose pellets are usually more reinforcing compared to grain-based pellets (Bouton et al.,

2013), this may have contributed to the increased MAD scores in the OFC experiments

relative to the mPFC experiments. In addition, the initial delay for mPFC experiments (6

sec) also differed from OFC experiments (0 sec). The delay was altered to ensure that every

animal experienced the immediate delivery of the large magnitude reinforcer. This

procedural discrepancy may have also contributed to the discrepancies observed in MAD

scores across the mPFC and OFC experiments.

A second caveat to the current study was that there was no true anatomical control (e.g.,

direct infusions into an area not associated with impulsive choice). Although 19 rats were

excluded from the current experiments, it is important to emphasize that there were six

different experiments. Thus, the number of excluded rats in each experiment was relatively

low (n = 2–4), which did not make it feasible to use misplaced cannula sites as an

anatomical control group. Furthermore, the finding that infusions of DA D2-like receptor

ligands into mPFC, but not OFC, increased impulsive choice demonstrates that alterations in

MAD scores anatomically distinct.
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3.1. Conclusions

Overall, the present results support a role for dopaminergic circuitry within the mPFC and

serotonergic circuitry within the OFC in impulsive choice. At the clinical level, genetic

association studies have shown that polymorphisms of genes that encode for the DA

transporter and D2, D4, and D5 receptors are linked to ADHD, impulsive choice, and

addiction (Eisenberg et al., 2007; Kreek et al., 2005). In addition, a polymorphism in the

gene encoding for the 5-HT transporter has been implicated in impulsivity as measured in a

continuous performance task, with individuals having two short alleles being more

impulsive than individuals having two long alleles or one short/one long allele (Walderhaug

et al., 2010). The C(−1019)G polymorphism, which regulates 5-HT1A gene expression in

presynaptic raphe neurons, has been associated with impulsivity as assessed with the Barratt

Impulsiveness Scale (Benko et al., 2010). The current results suggest further that individuals

who are high in trait-based impulsive choice may have dopaminergic hypo-functioning in

mPFC and serotonergic hyper-functioning in OFC.

4. Experimental Procedure

4.1. Animals

A total of 63 experimentally-naïve adult male Sprague Dawley rats (Harlan Industries,

Indianapolis, IN, USA) were used in the present experiments (N = 9, Experiments 1–3;

N=12, Experiments 4–6; each rat was used in only one experiment). Upon arrival in the

laboratory, rats initially had ad libitum access to food and water in their home cage for a 5-

day acclimation period. After the acclimation period, rats continued to have ad libitum

access to water but were food restricted to approximately 85% free feed weight. Rats were

housed in temperature- and humidity-controlled rooms that were maintained on a light-dark

cycle in which lights were on from approximately 06:00 to 20:00 h. All procedures were in

accordance with the “Guide for the Care and Use of Laboratory Animals” (National

Research Council, 1996) and were approved by the Institutional Animal Care and Use

Committee at the University of Kentucky.

4.2. Apparatus

Operant chambers (28 × 21 × 21 cm; ENV-008; MED Associates, St. Albans, VT) located

inside sound-attenuating chambers (ENV-018M; MED Associates) were used for the

adjusting delay task. The front and back walls of the experimental chambers were made of

aluminum, while the side walls were made of Plexiglas. There was a recessed food tray (5 ×

4.2 cm) located 2 cm above the floor in the bottom-center of the front wall. Retractable

levers (4.5 cm) were located 6 cm above the floor on each side of the food tray on the front

wall. A 28-V white cue light was located 6 cm above each response lever. A white

houselight was mounted in the center of the back wall of the chamber. All responses and

scheduled consequences were recorded and controlled by a computer interface. A computer

controlled the experimental session using Med-IV software.

4.3. Procedure

4.3.1. Adjusting delay task—Rats were tested on an adjusting delay task using

procedures similar to those described previously (Perry et al., 2005, 2008a). Daily sessions
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were conducted during the light phase and ended following the completion of 60 trials or 2

h, whichever occurred first. Each session included 15 blocks of 4 trials, in which the first 2

trials were forced-choice trials and the last 2 trials were free-choice trials. During forced-

choice trials, only one lever (left or right; counterbalanced across trials) was extended, and

the white stimulus light above the extended lever was illuminated. During free-choice trials,

both levers were extended, and the stimulus lights above each lever were illuminated.

Following a lever press response, one or three grain-based 45 mg pellets (PJA1-0045,

Research Diets Inc., New Brunswick, NJ; Experiments 1–3) or sucrose-based 45 mg pellets

(F0021 dustless precision pellet, Bio-Serve, Frenchtown, NJ; Experiments 4–6) were

delivered immediately or after a delay, respectively (the location of the lever associated with

delivery of immediate or delayed reinforcers alternated daily). In Experiments 1–3, the

initial delay for the 3-pellet reinforcer was 6 sec. To ensure that every animal experienced

the large, delayed reinforcer when no delay was imposed, the initial delay was set to 0 sec in

Experiments 4–6. The delay to the 3-pellet reinforcer was adjusted according to responses

during the third and fourth trials in each block (i.e., the free-choice trials). Responses for the

3-pellet reinforcer increased the delay to the larger, delayed reinforcer by 1 sec. A response

for the small, immediate reinforcer resulted in a 1 sec decrease in delay to the larger,

delayed reinforcer. A minimum delay of 0 sec and a maximum delay of 45 sec to the 3-

pellet reinforcer were imposed. During the delay, the stimulus lights were turned off,

although the house light remained illuminated until the delivery of the 3 pellets. Following

reinforcement, an adjusting inter-trial interval (ITI) occurred, such that each trial lasted 60

sec. During the ITI, lights were extinguished, and lever responses had no programmed

consequence. After 60 sec elapsed, the next trial began. The delay on the final free-choice

trial during each session was used as the initial delay on the next session. The main outcome

measure, mean adjusted delay (MAD) score, was calculated at the end of each session by

averaging all adjusting delays on free-choice trials. Thus, high MAD scores reflected

decreased impulsive choice, whereas low MAD scores reflected increased impulsive choice.

4.3.2. Intracranial infusions—After initial training on the adjusting delay procedure (9.2

± 0.7 sessions), rats were anesthetized with ketamine (80 mg/kg, i.p.) and diazepam (5

mg/kg, i.p.) and implanted with bilateral intracranial cannulae (26 gauge, Small Parts, Inc,

Miramar, FL) into mPFC (AP: +2.7, ML: ±1.2, DV: −2.6 below the dura, at the 10° angle

off the midline; Paxinos and Watson 1998) or OFC (AP: +3.7, ML: ±2.4, DV: −3.4 below

the dura, at the 10° angle off the midline; Paxinos and Watson 1998). Each cannula was

fitted with a 33 gauge stylet and embedded in a cap of dental acrylic affixed at the top of the

skull with stainless-steel jeweler’s screws. Rats were allowed 7 recovery days before

adjusting delay sessions resumed.

The adjusting delay procedure resumed as described above to ensure that the surgery did not

significantly alter MAD scores (11.7 ± 1.6 sessions). Intracranial infusions were

administered immediately prior to adjusting delay sessions, and there was at least 1 baseline

adjusting delay session between each infusion in which no drug was administered. On

infusion days, stylets were removed from the cannulae, and stainless-steel injection cannulae

(33 gauge, Small Parts, Inc) were inserted 1 mm below the tip of the guide cannulae. The

injection cannulae were connected to 10 ul Hamilton syringes (Hamilton Company, Reno,
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NV) via PE50 tubing (Small Parts, Inc, Miramar, FL). The Hamilton syringes were mounted

on an infusion pump (KDS Scientific, Holliston, MA), and all drugs were infused bilaterally

at a volume of 0.5 ul/side over 2 min. Injection cannulae were left in place for 1 min after

the infusion, at which time the injection cannulae were removed and the stylets were

replaced. A within-subjects design was used for each experiment; the various doses of each

drug were administered to each rat in random order, such that no rat received the same

dosing order as another rat. In the ADHD medication experiments, rats were given MPH

(6.25, 25, 100 μg), AMPH (0.25, 1.0, 4.0 μg), ATO (1.0, 4.0, 16.0 μg), or phosphate

buffered saline (PBS) into either the mPFC (Experiment 1) or OFC (Experiment 4). In the

DA receptor-selective drug experiments, SKF 81297 (0.1, 0.4 μg), SCH 23390 (0.25, 1.0

μg), quinpirole (1.25, 5.0 μg), and eticlopride (0.25, 1.0 μg) were administered into either the

mPFC (Experiment 2) or OFC (Experiment 5); saline was used as the vehicle comparison

for SCH 23390, while PBS was the vehicle for SKF 81297, quinpirole, and eticlopride. In

the 5-HT receptor-selective drug experiments, 8-OH-DPAT (0.025, 0.1 μg), WAY 100635

(0.01, 0.04 μg), DOI (2.5, 10.0 μg), and ketanserin (0.1, 0.4 μg) were administered into

either the mPFC (Experiment 3) or OFC (Experiment 6). Because ketanserin did not readily

go into solution with PBS, dilute HCl (0.1 N) was added to PBS to dissolve ketanserin into

solution and then the pH of the solution was raised to 6 using 0.1 N NaOH. PBS+HCl was

used as the vehicle comparison for ketanserin, while PBS alone was used as the vehicle for

8-OH-DPAT, WAY 100635, and DOI. The concentration ranges selected for each drug were

based on previous reports (Beyer and Steketee, 2000; Beyer and Steketee, 2002; Carli et al.,

2006; Floresco et al., 2006; Granon et al., 2000; Herremans et al., 1996; Hooks et al., 1992;

Kozlov et al., 2001; Passetti et al., 2003; Prasad et al., 1999; Willins and Meltzer, 1997).

4.3.3. Histology—At the end of each experiment, rats were euthanized and cannulae

placements were verified. The brain was removed and 40 μm frozen serial sections were

taken and stained with cresyl violet. The sections were examined under a light microscope,

and the most ventral point of each injection track was mapped onto the appropriate place

from the rat brain atlas of Paxinos and Watson (1998).

4.3.4. Drugs—Methylphenidate hydrochloride was purchased from Mallinckrodt (St.

Louis, MO). d-Amphetamine sulfate, atomoxetine hydrochloride, R(+)-SKF 81297

hyrdrobromide, R(+)-SCH 23390 hydrochloride, (−)-quinpirole hydrochloride, (±)-8-

hydroxy-2-(di-N-propylamino) tetraline hydrobromide (8-OH-DPAT), WAY-100635

maleate, (±)-1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane hydrochloride (DOI),

ketanserin tartate were purchased from Sigma-Aldrich (St. Louis, MO). S(−)-eticlopride

hydrochloride was purchased from Research Biochemicals (Natick, MA).

4.4. Data Analyses

To determine whether MAD scores were stable during the final 3 sessions before surgery

and during the final 3 sessions before the first microinfusion, a 2 × 3 × 2 × 3 analysis of

variance (ANOVA) with region (mPFC vs. OFC) and experiment (3 experiments) as

between subject factors and surgery (before vs. after) and session as within-subjects factors

was conducted using version 19 of SPSS (SPSS Inc., Armonk, NY). A p-value less than

0.05 defined statistical significance.
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A linear mixed model was used to analyze MAD scores following microinfusions in each

experiment using Version 9.3 of SAS (SAS Institute, Cary, NC). A linear mixed model is a

generalization of repeated measures ANOVA that can accommodate covariates and partially

missing data from some subjects, while still accounting for within-subject correlations on

repeated measurements (see Gueorgieva and Krystal, 2004; Young et al., 2009 for a

discussion on mixed modeling). The linear mixed model included both treatment and dose

as explanatory variables, and MAD scores were normalized to vehicle.

Using contrasts from the linear mixed model (thus, still accounting for within-subject

correlations and the different doses that were administered), we derived T test statistics for

the primary null hypotheses that the MAD score across MPH concentrations was 100% of

vehicle, the MAD score across AMPH concentrations was 100% of vehicle, and the MAD

score across ATO concentrations was 100% of vehicle. When one of the results from these

hypothesis tests was statistically significant (p-value less than 0.05) or trended toward

statistical significance (p-value between 0.05 and 0.10), we used additional contrasts from

the linear mixed model to derive T test statistics for the secondary null hypotheses that the

MAD scores at the individual doses of the corresponding treatment were 100% of vehicle. A

Bonferroni adjustment was used, such that an overall significance level of 0.05 was

maintained across all comparisons for a particular treatment. Effect size was defined as an

estimate of ([absolute value(mean response – 100%)/standard deviation of response)]/

number of drug doses), where response was defined for each subject and each drug as the

subject’s MAD (as a percentage of vehicle) across the doses of that drug. Effect sizes below

0.50 were defined as small, effect sizes between 0.50 and 1.00 were defined as medium, and

effect sizes above 1.00 were defined as large.

Figure 5 shows correct probe placements for rats used for data analyses. Rats were excluded

from data analysis if one or both probe placements were outside of the mPFC or OFC. Three

rats in Experiment 1, three rats in Experiment 2, two rats in Experiment 3, four rats in

Experiment 4, four rats in Experiment 5, and three rats in Experiment 6 had one or both

probe placements outside of the mPFC and OFC, and thus were excluded from data

analyses. For the mPFC experiments, incorrect probe placements were observed in various

brain regions, including the anterior cingulate cortex, the dorsal peduncular cortex, the

forceps minor of the corpus callosum, and the secondary motor cortex. For the OFC

experiments, incorrect probe placements were observed in several brain regions, including

the forceps minor of the corpus callosum, the periform cortex, and the ventral tenia tecta.

Overall, 44 rats were included in the present analyses (Experiment 1 N = 6, Experiment 2 N

= 6, Experiment 3 N = 7, Experiment 4 N = 8, Experiment 5 N = 8, Experiment 6 N = 9).
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Highlights

• Administration of ADHD medications into mPFC or OFC does not alter

impulsive choice.

• Stimulating or blocking DA D2 receptors within mPFC increases impulsive

choice.

• Stimulating 5-HT1A receptors within OFC increases impulsive choice.
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Fig. 1.
Mean (± SEM) MAD scores during the last 3 sessions before guide implantation surgery and

during the last 3 sessions before the first microinfusion. Note that data for experiments 1–3

(mPFC) were collapsed and experiments 4–6 (OFC) were collapsed.
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Fig. 2.
MAD scores (% vehicle; ± SEM) following mPFC and OFC microinfusions of a MPH, b
AMPH, and c ATO. Values in individual bars indicate the sample size. Note, values above

100% indicate decreased impulsive choice, whereas values below 100% indicate increased

impulsive choice.
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Fig. 3.
MAD scores (% vehicle; ± SEM) following mPFC and OFC microinfusions of a SKF

81297, b SCH 23390, c quinpirole, and d eticlopride. *Represents significant difference

from vehicle for individual dose, p < .05. #Represents significant overall drug effect in the

brain region designated, p < .05. Values in individual bars indicate the sample size. Note,

values above 100% indicate decreased impulsive choice, whereas values below 100%

indicate increased impulsive choice.
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Fig. 4.
MAD scores (% vehicle; ± SEM) following mPFC and OFC infusions of a 8-OH-DPAT, b
WAY-100635, c DOI, and d ketanserin. #Represents significant overall drug effect in the

brain region designated, p < .05. Values in individual bars indicate the sample size. Note,

values above 100% indicate decreased impulsive choice, whereas values below 100%

indicate increased impulsive choice.
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Fig. 5.
a Diagram showing locations for bilateral intra-mPFC cannula injection sites for rats in

Experiments 1–3 (mPFC). b Diagram showing locations for bilateral intra-OFC cannula

injection sites for rats in Experiments 4–6 (OFC).
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