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Abstract

Rationale—Disorders of behavioral regulation, including attention deficit hyperactivity disorder 

(ADHD) and drug addiction, are in part due to poor inhibitory control, attentional deficits, and 

hyper-responsivity to reward-associated cues.

Objectives—To determine whether these traits are related, we tested genetically variable male 

and female heterogeneous stock rats in the choice reaction time (CRT) task and Pavlovian 

conditioned approach (PavCA). Sex differences in the response to methylphenidate during the 

CRT were also assessed.

Methods—In the CRT task, rats were required to withhold responding until one of two lights 

indicated whether responses into a left or right port would be reinforced with water. Reaction time 

on correct trials and premature responses were the operational definitions of attention and 

response inhibition, respectively. Rats were also pre-treated with oral methylphenidate (0, 2, 4 

mg/kg) during the CRT task to determine whether this drug would improve performance. 

Subsequently, during PavCA, presentation of an illuminated lever predicted the delivery of a food 

pellet into a food-cup. Lever-directed approach (sign-tracking) and food-cup approach (goal-

tracking) were the primary measures, and rats were categorized as “sign-trackers” and “goal-

trackers” using an index based on these measures.

Results—Sign-trackers made more premature responses than goal-trackers, but showed no 

differences in reaction time. There were sex differences in both tasks, with females having higher 

sign-tracking, completing more CRT trials, and making more premature responses after 

methylphenidate administration.

Conclusions—These results indicate that response inhibition is related to reward-cue 

responsivity, suggesting that these traits are influenced by common genetic factors.
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Introduction

In humans and in animals, individuals must regulate their behavior in response to stimuli 

(“cues”) and other environmental challenges. However, there is enormous individual 

variation in behavioral regulation and cue responsivity (Meyer et al. 2012; Richards et al. 

2013). In particular, deficits in behavioral regulation and hyper-responsivity to cues are 

implicated in impulsive, maladaptive behaviors that are related to attention deficit 

hyperactivity disorder (ADHD), obsessive compulsive disorder, pathological gambling, and 

drug addiction (de Wit 2009; Tavares and Gentil 2007; Charach et al. 2011; Semrud-

Clikeman et al. 2010; Fillmore and Rush 2002; Oosterlaan et al. 1998; Penades et al. 2007). 

Impulsivity has been assessed in rodent models using behavioral paradigms that measure an 

animal's ability to inhibit responding to experimental contingencies (Bari and Robbins 2013; 

Richards et al. 2013; Robbins 2002; Eagle and Baunez 2010). One such paradigm is the 

choice reaction time (CRT) task, where attentional control can be inferred by measuring 

choice accuracy and reaction times while rats make a choice in response to a stimulus. In 

addition, failure to withhold the initiation of a response until stimulus presentation is used as 

a measure of “action” impulsivity (Evenden 1999). Action impulsivity is involved in a 

number of drug-related behaviors, including self-administration acquisition and compulsive 

drug seeking in rodents, and also subjective drug responses in humans (Diergaarde et al. 

2008; Weafer and de Wit 2013; Perry and Carroll 2008; Murray et al. 2013; Economidou et 

al. 2009; Belin et al. 2008; Leeman et al. 2014).

Action impulsivity and other forms of behavioral regulation are particularly influenced by 

the presence of cues associated with food and other rewards. In some individuals, these cues 

acquire incentive salience, thereby eliciting approach, reinforcing new behaviors, and 

motivating reward seeking (Milton and Everitt 2010; Bindra 1978; Robinson et al. 2014). In 

this manner, cues engage and bias attention, influencing individuals' choices, sensitivity to 

distractors, and how quickly they make decisions (Lloyd et al. 2012; Richards et al. 2013; 

Robinson et al. 2014). These three properties are related; animals that approach a food-

associated cue (“sign-trackers”; Hearst and Jenkins 1974; Meyer et al. 2012; Tomie et al. 

2012) in a Pavlovian conditioned approach (PavCA) task also show greater conditioned 

reinforcement and are more sensitive to the effects of cues on motivated behavior (Saunders 

et al. 2013; Yager and Robinson 2010; Saunders and Robinson 2010; Robinson and Flagel 

2009), compared to rats that approach the food-delivery location (“goal-trackers”; Boakes 

1977). These incentive cues can therefore affect behavioral regulation, and in pathological 

states they can instigate maladaptive behavior, including craving and relapse into addiction 

(Childress et al. 2008; Franklin et al. 2011).

A previous study suggests a link between sign-tracking and action impulsivity, as measured 

by a 2-choice serial reaction time task and a differential reinforcement of low rates of 

responding task (Lovic et al. 2011). The purpose of the current study was to further 

characterize this relationship between attention, impulsivity, and attribution of incentive 

salience by utilizing a genetically and phenotypically diverse population of rats and to also 

measure these traits in males and females. To this end, we compared attentional performance 

and premature responding during a CRT task with responsivity to food cues during a PavCA 

task, and determined whether performance on these tasks would depend on sex. Further, we 
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tested whether methylphenidate would improve performance on the CRT task in a sex 

dependent manner. For these studies, we utilized heterogeneous stock rats (HS; formerly 

N:NIH). Compared to commercially available outbred strains that have been subjected to 

breeding bottlenecks, HS rats are especially useful for dissociating the effects of linked 

genes from phenotypes, because they have approximately one centiMorgan average distance 

between recombination events per individual (Parker et al. 2013; Mott et al. 2000).

Methods

2.1.1 Subjects—Subjects were 24 male and 24 female HS rats (provided by Dr. Leah 

Solberg Woods, Medical College of Wisconsin). The HS strain was established at the NIH 

using eight inbred founder strains from separate lineages. These subjects are currently 

maintained in the laboratory of Dr. Solberg-Woods at the Medical College of Wisconsin. 

Specifically, 64 breeder pairs are used in a random breeding scheme that minimizes 

inbreeding and maximizes recombination of genetic loci across each litter. This strategy is 

particularly useful because it reduces the likelihood of genetic drift and fixation, and thus 

maintains the genetic heterogeneity of the population.

The rats arrived at the Research Institute on Addictions in Buffalo, NY, at approximately 35 

days of age. CRT testing began at 60 days of age in the Richards lab at the Research Institute 

on Addictions. After CRT testing, the rats were tested in PavCA and conditioned 

reinforcement as outlined below, in the Psychology department at the University at Buffalo. 

At the beginning of testing, the average weight of females was 197 g, and the average weight 

of males was 315 g. All rats were pair-housed with a member of the same sex for the 

duration of the experiment, in Plexiglas cages (45 length × 24cm width × 20cm height). 

Cages were lined with bedding (Aspen Shavings) and kept in a temperature controlled 

environment (22±1°C). Rats were maintained on a reverse light/dark cycle (lights on at 8:00 

or 9:30 AM for CRT and PavCA testing, respectively). Testing began at least one hour after 

the beginning of the light cycle. Standard lab chow was freely available except during 

testing. There was no environmental enrichment in the home cages throughout the 

experiment. For CRT training, access to water was restricted beginning the week prior to 

testing, in which rats had access to water for 20 min following testing. During PavCA and 

conditioned reinforcement testing, rats were not food or water restricted. All procedures 

were approved by the University at Buffalo Institutional Animal Care and Use Committee.

2.1.2 Drugs—Methylphenidate HCl (0, 2, or 4mg/kg; Research Triangle Institute, 

Research Triangle Park, NC) was dissolved into a 10% sucrose solution in cherry Kool-Aid, 

and injected onto a small cracker. Rats were then observed to confirm consumption of the 

cracker prior to testing.

2.1.3 Apparatus

Choice reaction time task (CRT): Behavioral measures were obtained using locally 

constructed testing chambers (Richards et al. 2013; Sabol et al. 2003). Two water dispensers 

were located on either the left or right side of a center snout poke hole, with two stimulus 

lights mounted above the two water dispensers and center hole. The equipment was arranged 
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to be level with the rat's eyes. Entries into the dispensers and center hole were monitored 

using infrared photobeams. Med associates syringe pumps were used to deliver water into 

the dispensers (PHM-100; MED Associates, East Fairfield, VT, USA). All chambers were 

contained in light and sound attenuating boxes. Data from testing chambers were collected 

using MED-PC IV software.

Pavlovian conditioned approach (PavCA) and conditioned reinforcement: Testing 

occurred in 16 modular test chambers (20.5×24.1 cm floor area, 29.2 cm high; MED-

Associates Inc., St. Albans, VT) located inside sound attenuating cubicles equipped with 

vent fans for noise masking (A&B Display Systems, Bay City, MI). A pellet dispenser 

delivered 45mg banana pellets into a food-cup equipped with an infrared head entry detector. 

Retractable backlit levers (2 cm long, 6 cm above floor) were adjacent to the food-cup on 

either the left or right side. A red light was located high (27 cm) on the opposite wall. For 

conditioned reinforcement, the food-cup was removed and the retractable lever was moved 

to the center of the wall in its place. Two nose poke holes with head-entry detectors were 

placed on the left and right side of the lever. All data were collected using MED-PC IV 

software.

Procedures

2.2.1 Choice reaction time task (CRT)—The CRT task consists of a series of trials that 

are initiated when a rat pokes its snout into a center hole and remains inserted until either a 

left or right stimulus light is activated (imperative stimulus). The period of time between 

snout insertion and imperative stimulus light activation is the hold time. Activation of the 

imperative stimulus indicated availability of a water reinforcer in the respective left or right 

feeder hole. Reinforcer availability was confined to a 3 s window, where the rat must 

correctly pick the appropriate hole paired with the stimulus light in order to receive the 

reinforcer. After 3 s, the trial ended. The only illumination came from the stimulus lights 

adjacent to the center hole. Testing occurred 6 days of the week over the course of 36 

sessions. Each session ended either after 100 trials or 30 min.

Rats underwent a total of 72 training and test sessions. Acquisition training occurred from 

sessions 1-56. During training, the magnitude of the water reinforcer was alternated between 

10 and 30 μL of water, and the hold time was progressively increased from a minimal value 

of 0.1 to 5.0 s. Once the 5 s hold time was reached, a variable hold time was imposed, 

ranging from 0.06 s to 10.5 s with a mean of 5 s. The hold time was cumulative. For 

example, a target hold time of 10 s could be reached through two separate 5-s pokes. The 

purpose of the variable hold time was to make the onset of the imperative stimulus less 

predictable. In this within-subjects design there was no formal training stability criterion. 

There is some variability in training rates, in that some rats have more difficulty than others 

meeting the hold time criterion. Therefore, we required all of the rats to complete at least 10 

trials per session before increasing the hold time to the next level.

Beginning at session 50, the rats were fed a single cracker injected with cherry Kool-Aid/

sucrose solution 30 min before testing for 5 sessions in order to habituate them to this 

procedure before drug testing began. Beginning with session 55, the cracker contained 0, 2, 
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and 4 mg/kg doses of methylphenidate, and was given 15 min before testing. The drug dose 

was given in ascending order returning to 0 after the 4 mg dose was administered. During 

methylphenidate administration, the reinforcer magnitude continued to alternate between 10 

and 30 μL. Each subject was tested under each of six possible conditions (3 methylphenidate 

doses × 2 reinforcer volumes). Doses and reinforcer volumes were given in the same 

sequence to each animal to equalize any sustained pharmacokinetic effects of the oral 

administration of this drug.

2.2.2 CRT Measures—Reaction time (RT) is the elapsed time between presentation of the 

imperative stimulus and snout withdrawal from the center hole, averaged across trials. 

Premature responses were defined as a withdrawal from the center hole followed by an 

insertion into one of the feeder holes before onset of the imperative stimulus. Total trials 
were the total number of trials initiated by the subject, and correct trials were the number of 

initiated trials that were successfully completed. Proportion correct was measured by 

dividing the total number of correct trials by the total number of trials. An incorrect response 
occurred when the rat entered the wrong feeder hole during the 3 second availability, 

resulting in termination of the trial without the reinforcer. No response in either feeder hole 

within the 3 s imperative stimulus window was considered an omission.

2.3.1 Pavlovian Conditioned Approach—Rats were transferred to the University at 

Buffalo and given one week of handling prior to testing. In the two days preceding testing, 

rats received home cage exposure to banana-flavored food pellets (∼25 pellets per day; Bio-

Serv, Flemington, NJ, #F0059). Rats then received one day of food-cup training in the 

conditioning chamber to habituate subjects to the testing procedure. During food-cup 

training, rats first underwent a 5-min period to habituate to the chamber with the houselight 

off. The houselight was then illuminated and rats received 25 pellets delivered into the food-

cup on a VI-30 s schedule (1-60 s range). The session ended after 25 pellets were delivered. 

The lever remained retracted throughout food-cup training,

Following food-cup training, rats were then tested for 10 daily sessions in the PavCA 

procedure. Each session contained 25 trials in which an illuminated lever was presented for 

8 s, followed by the retraction of the lever and delivery of the food pellet. While lever 

presses were measured, they had no programmed consequences in this Pavlovian procedure. 

Trials were separated on a VI-90 schedule (30 – 150 s range); each session thus lasted 

approximately 37.5 min.

2.3.2 PavCA Measures—Repeated lever-pellet pairings produce two major conditioned 

responses: lever directed approach (as measured by lever contacts), and goal-directed 

approach (as measured by entries into the food-cup). Lever and food-cup interactions were 

further quantified by 1) number of occurrences, 2) latency to first occurrence, and 3) number 

of occurrences in the inter-trial interval versus the CS period.

We have previously identified three measures of conditioned approach (Meyer et al., 2012), 

which were used in the present study: 1) The probability differential of a contact with the 

lever or food-cup in a given CS period (average probability of a lever press on a given CS 

trial – average probability of a food-cup entry on a given CS trial), 2) the overall response 
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bias for either the lever or the food-cup CS (# lever contacts - # food-cup contacts / # lever + 

# food-cup contacts), and 3) average latency to contact either lever or food-cup in the CS 

period (food-cup latency – lever latency / 8). The average of these three measures produces a 

PavCA index ranging from -1 to 1 and was used to classify sign-trackers (ST) and goal-

trackers (GT) based on the average of the PavCA index on days 4 and 5, see Meyer et al., 

2012). Specifically, ST (n = 15) had PavCA index scores ranging from 0.5 to 1.0, while 

goal-trackers (n = 25) had scores from -1 to -0.5. Rats with scores between -0.5 and 0.5 were 

classified as intermediates (n = 8).

2.4 Conditioned reinforcement test and measures

The conditioned reinforcement test evaluates the reinforcing properties of the food-

associated lever-cue following conditioning. The chambers were reconfigured with two nose 

poke holes, one active and one inactive on either the left or right side of the chamber. 

Between the two nose-poke holes was the retracted lever. Active nose pokes into a 

designated hole resulted in deployment of the lever-cue for 3 s, and entries into the inactive 

port had no programmed consequences. The same floors, house light, and fans used during 

PavCA were also used in this task. Sessions lasted 40 min. The number entries into the 

active and inactive ports, the number of lever presentations, and the number of lever 

deflections were recorded during the task.

2.5 Analyses

Repeated-measures analysis of variance (ANOVA), followed by Fisher's LSD post-hoc tests, 

were conducted to probe significant main effects and interactions. For the CRT, Sex (male, 

female) was the between-groups factor, while Reinforcer (10μL, 30μL) volume and 

methylphenidate Dose (0, 2, and 4 mg/kg) were within-subjects factors. The data from five 

males were lost due to a collection error, which was a result of a technical malfunction in the 

data export process from the Med-PC software. Data were lost from different test conditions 

(e.g. one subject lost data for the 0 mg methylphenidate 10 μL reinforcer condition, another 

lost data for the 2 mg methylphenidate 10 μL condition); we therefore dropped all choice 

reaction time data for any subject that was missing any data point during this task.

For PavCA, the between-groups factor was Sex, with conditioning Day (1 – 9) as a within-

subjects measure. Day 10 was dropped from correlational analyses because data were lost 

for 16 subjects due to equipment malfunction. Phenotype (sign-tracker, goal-tracker) was 

added as a between-groups factor when considering the relationship between the CRT task 

and PavCA, and intermediates (n = 8) were excluded from this analysis only. For 

conditioned reinforcement, nose-poke Port (Active, Inactive) was also included as a within 

groups measure, and Student's t-tests were used to compare number of reinforcers and lever 

presses during this test.

Pearson's correlation was used to analyze comparisons between the CRT task and PavCA. 

For the example, correlations shown in Fig. 6, day 5 of PavCA was chosen because it 

coincides with the last day used for calculating the PavCA Index. Statistically significant 

results were set at p < 0.05. We used Grubb's statistical test for outliers, which is a 

significance test used to determine whether an outlier exists in a particular distribution of 
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data (Grubbs 1969). Specifically, this test works by detecting data points that exceed a 

defined critical z-value, which is determined by both the sample size and desired alpha level. 

This test did not yield significant (p > 0.05) values for our examined measures within lever 

contacts, food-cup entries, or premature responses.

Results

3.1 Choice Reaction Time

There were no effects of sex (males: n = 19; females: n = 24), reinforcer volume, or 

methylphenidate dose on the proportion of correct or incorrect responses. For premature 

responses, reinforcer volume (Fig. 1A) and methylphenidate dose (Fig. 1B) all significantly 

affected premature responding [F (1, 41) = 69.5, p < 0.05; F (2, 82) = 4.0, p < 0.05; 

respectively]. Although there was no main effect of sex on premature responding (p = 0.07), 

methylphenidate dose influenced premature responding differently between males and 

females [Dose × Sex interaction: F (2, 82) = 3.4, p < 0.05]. Post-hoc tests indicated that 4 

mg produced increases in premature responding in females relative to the 0 mg dose (p < 

0.05); while methylphenidate had no effect in males (Fig. 1B). Thus females, but not males, 

made more premature responses following methylphenidate pretreatment.

There was a main effect of reinforcer volume on total number of trials initiated [F (1, 41) = 

317.6, (p < 0.05)] in which subjects initiated more trials for larger reinforcer volumes. 

Further, there was a main effect of sex on the total number of trials initiated [F (1, 41) = 7.1, 

(p < 0.05)] which interacted with reinforcer [Sex × Reinforcer interaction: F (1,41) = 9.8, (p 
< 0.05]. Post-hoc analysis indicated that females initiated more trials at the 10 μL condition 

(p < 0.05) (Fig. 1C). We found a similar effect for total number of trials successfully 

completed [Reinforcer × Sex interaction: F (1,41) = 6.1, (p < 0.05)] despite the fact that 

there were no overall differences in proportion of correct responses between sexes (p > 0.05, 

data not shown). Although we found a main effect of methylphenidate treatment [F (2, 82) = 

3.4, (p < 0.05)], there were no interactions (p > 0.05) (Fig. 1D). Thus, although females 

initiated more trials than males at the lower reinforcer condition, sex differences in response 

to methylphenidate were restricted to premature responding.

Reaction time was significantly reduced by methylphenidate [effect of Dose; F (2, 82) = 8.5, 

p < 0.05], suggesting an enhancement of attention. ANOVA results indicated a trend for an 

interaction between Dose and Sex on reaction time [F (2, 82) = 3.0, p = 0.056; Fig. 1E, F]. 

No other main effects or interactions were found. Thus, methylphenidate increased 

premature responding in females and enhanced attention overall.

3.2 Pavlovian Conditioned Approach

During conditioning, rats approached the lever CS or the food-cup. Three measures reflect 

these approach behaviors: probability of approach, number of contacts, and latency to 

approach (Fig. 2). Approach changed as a function of Day in all of these measures except 

food-cup contacts [Fs (8, 360) > 2.3, ps < 0.05].

There were main effects of Sex for approach to the lever, as measured by probability of 

approach and latency to approach [Fs (1, 45) > 6.7, ps < 0.05] with females approaching 
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more often and more quickly than males (ps < 0.05). The interaction between Sex and 

conditioning Day for all three measures did not reach significance (ps = 0.06 - 0.12). For 

approach to the food-cup, the main effects of Sex did not reach significance (ps = 0.06 - 

0.11), but there were significant interactions between Sex and conditioning Day for all 

measures [Fs (8, 360) > 5.8, ps < 0.001]. Post hoc analyses indicated that males approached 

the food-cup more during the last days of conditioning (see Fig. 2; ps < 0.05).

The PavCA Index (Fig. 3A) is constructed by taking the average of the differences in these 

three measures. This Index changed significantly across conditioning Days [F (8, 360) = 

17.3, p < 0.001], and this effect depended on sex [effect of Sex: F (1, 45) = 7.4, p < 0.01; 

Sex × Day interaction: [F (8, 360) = 4.4, p < 0.001]. Post-hoc analysis revealed that females 

had larger Index scores than males on days 3 – 9. Females therefore showed an increased 

propensity to approach the reward cue (i.e., to sign-track). The sexes did not differ on the 

first two days of conditioning, suggesting that these group differences reflect differences 

specific to the effects of the conditioning. In addition, there was no effect of sex on the 

number of inter-trial interval entries into the food-cup outside of the CS period (Fig. 3B), 

although it did decrease across Days [F (8, 360) = 18.9, p < 0.05]. The individual PavCA 

Index used to characterize rats as sign-trackers (ST) or goal-trackers (GT) are shown in Fig. 

3C. In concordance with the higher mean PavCA Index scores, there were more females 

categorized as ST than males.

3.4 Conditioned Reinforcement

On the conditioned reinforcement test day (Fig. 4), females responded more for lever CS 

presentations, as indicated by a Sex × Port interaction [Fig. 4A; F (1, 46) = 32.5, p < 0.001] 

and post-hoc analysis indicated that females made more active, but not inactive, nose-poke 

entries than males (p < 0.001). In addition, females received more reinforced nose pokes [t 
(46) = 5.0, p < 0.001], but made a similar number of lever contacts when corrected for the 

number of reinforcers.

In a separate analysis of rats classified as ST or GT (Fig. 4B), STs responded more for the 

Lever CS than GTs [Phenotype × Port interaction: F (1, 38) = 25.1, p < 0.001], which was 

due to STs making more active, but not inactive, nose-poke entries (p < 0.001). As a result, 

STs received more reinforcers [t (38) = 5.4, p < 0.001], and made more contacts with the 

lever, even when corrected for the number of reinforcers [t (38) = 6.0, p < 0.001]. Thus, the 

lever was a more effective reinforcer for sign-trackers compared to goal-trackers.

3.4 Relationship between sign-tracking and premature responses

We compared sign- and goal-trackers on the number of premature responses, total trials 

completed, and reaction time during the 10 and 30 μL conditions of the CRT task. In order to 

assess the relationship between traits, all comparisons were made for the 0 mg 

methylphenidate condition so that differences in drug responsivity between individuals were 

not included. Our analysis revealed a main effect of Phenotype, with sign-trackers making 

more premature responses overall than goal-trackers [F (1,36) = 7.8, p < 0.05; Fig. 5A], 

although this effect did not interact with reinforcer volume. There was a trend towards a 

main effect of Phenotype on total trials completed (p = 0.051; Fig. 5B). There was no main 
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effect of Phenotype on reaction time (p > 0.05; Fig. 5C), indicating that sign- and goal-

trackers responded at similar speeds during the task. Thus, sign-trackers preform more 

premature responses than goal-trackers during the CRT task, but there were no differences in 

overall reaction time to the imperative stimulus.

For correlation analyses examining the relationship between the CRT task and PavCA, we 

focused on the 0 mg dose of methylphenidate, the 10 μL reinforcer volume, and day 5 of 

PavCA. Sign-tracking was significantly correlated with premature responding (Fig. 6B; r = 

0.33, p < 0.05) and goal tracking was negatively correlated with premature responding (Fig. 

6C; r = -0.33, p < 0.05). Significant correlations between tasks were observed across 

multiple PavCA sessions (Fig. 6A). The relationship between PavCA measures and total 

trials completed was weaker (Fig. 6A) compared to premature responses. No sex differences 

were detected, so all rats were included in the analysis.

Discussion

Rodent models of ADHD-related behaviors provide one avenue to examine the immediate 

biological causes of sex differences observed in human patients (Arnett et al. 2015; Gaub 

and Carlson 1997; Williamson and Johnston 2015; but see Sharp et al. 1999; Pelham Jr et al. 

1989), yet few studies have examined such sex differences in rodents. Here, we show that, 

during the CRT task, female rats complete more trials without a concomitant increase in 

premature responding and that that methylphenidate affects premature responding in female 

but not male rats. We also report that female rats are more prone to attribute incentive 

salience to reward cues (as indexed by sign-tracking and conditioned reinforcement), and 

that sign-tracking is associated with premature responding in a heterogeneous population of 

rats. Together, this suggests that premature responding and incentive salience attribution to 

reward cues are influenced by common neurobehavioral and genetic processes.

Choice Reaction Time

In studies with ADHD children, attentional measures are affected by individuals' sensitivity 

to reward, incentive motivation, and stimulant medication (Fosco et al. 2015; Strand et al. 

2012). Performance during the CRT task, which is similar to the 5-choice serial reaction 

time task used in animals and humans (5CSRT; Robbins 2002), is similarly sensitive to 

reinforcer magnitude, stimulus salience, and psychostimulant (including amphetamine, 

methamphetamine, and methylphenidate) treatment (Sabol et al. 2003; Spencer et al. 2009; 

Cole and Robbins 1987). However, in our study, rats engaged in more total trials when the 

reinforcer magnitude was increased, but their reaction time was not affected. This is in line 

with theories of positive incentive contrast, which suggest that increasing a reinforcer's 

magnitude following a smaller one can invigorate motivated behavior (Flaherty and Largen 

1975; Flaherty 1982; Bower 1961). This further suggests that, in our paradigm, total trials 

are more sensitive to differences in motivation and reward than reaction time, while reaction 

time relates more to attention.

In support of this, in our study, methylphenidate decreased reaction time, and decreased total 

trials, which is consistent with an effect of methylphenidate on attention rather than 

motivation (Robbins 2002; Richards et al. 2013; Leth-Steensen et al. 2000; Posner et al. 
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1980). If methylphenidate did alter motivation, it would be expected to increase the total 

number trials initiated by the rats, as was the case when reinforcer magnitude was increased. 

We also found that methylphenidate increased the number of premature responses (i.e., 

increased impulsivity) in females and reduced reaction time (i.e. increased attention) overall. 

This is consistent with previous studies using amphetamine (van Gaalen et al. 2006; Cole 

and Robbins 1987), and methylphenidate (Puumala et al. 1996; Navarra et al. 2008), 

although Puumala et al. (1996) found that poorly-performing rats had fewer premature 

responses under methylphenidate. It should also be noted that one experiment (Bizarro et al. 

2004) found that amphetamine and methylphenidate decreased premature responses. The 

source of this discrepancy is unknown, but may have been due to the testing of multiple 

compounds (including nicotine), the strain tested (male Lister rats), or other procedural 

details including the route of administration and the temporal predictability of stimulus onset 

(see Bizarro et al., 2004 for discussion). Further, in our experiment, the increases in 

premature responses occurred in females, which is also consistent with previous findings 

with amphetamine in the choice reaction time task (Burton and Fletcher 2012), and in 

general with a greater sensitivity to psychostimulants in females (Becker et al. 2001; Torres-

Reveron and Dow-Edwards 2005; Roeding et al. 2014; Bentley et al. 2015; see Chelaru et al. 

2012 for strain-dependent differences).

At first glance, the increase in premature responses induced by methylphenidate in our 

paradigm seems at odds with studies in humans showing that methylphenidate improves 

performance on attention-based tasks in ADHD patients (e.g., Rosch et al. 2016; Bubnik et 

al. 2015; Ashare et al. 2013). However, as is the case for animal studies, the nature of the 

effects of psychostimulants in humans depends on dose, age, sex, time since administration, 

and on the outcome measured (Broos et al. 2012; Berridge et al. 2006; Gunther et al. 2010; 

Sonuga-Barke et al. 2007; Kim et al. 2015; DeVito et al. 2009; Burton and Fletcher 2012; 

Abikoff et al. 2002). For example, methylphenidate can improve performance in poor 

preforming animals, and worsen performance in high performing animals during the 5-

CSRTT (Robinson 2012; Caprioli et al. 2015; Puumala et al. 1996). Differences between 

human and animal studies may also be related to individual differences, to the extent that the 

drug may even have opposite effects depending on factors such as genotype, baseline 

impulsivity, and certain biological factors. For example, in mice with low dopamine 

transporter levels, d-amphetamine reduced hyperactivity, while inducing hyperactivity in 

normal mice (Zhuang et al. 2001). While the effect of dopamine transporter genotype in 

humans is controversial (Kambeitz et al. 2014), one study found that methylphenidate was 

more effective in individuals with the 10/10 and 10/9 dopamine transporter genotypes, 

compared to those with the 9/9 genotype (Stein et al. 2014). In addition, the effectiveness of 

stimulants on ADHD symptoms was correlated with cerebrospinal levels of homovanillic 

acid (HVA; a dopamine metabolite) such that higher HVA levels predicted better drug 

responses (Castellanos et al. 1996). Taken together, these studies emphasize that effect of 

methylphenidate may depend on the underlying symptomatology and biological causes of 

ADHD among individuals.
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Pavlovian Conditioned Approach

In this study we also found that females were more likely to attribute incentive salience to a 

reward cue than males, as measured by approach to the lever CS (i.e. sign-tracking) during 

PavCA and by responding for the lever CS presentation during conditioned reinforcement. A 

recent study using a similar PavCA procedure reported only minor differences in PavCA in 

HS and Sprague-Dawley rats; with females displaying more approach to the lever-CS than 

males, but only during the first three days of conditioning, and not during subsequent test 

sessions (Pitchers et al. 2015). Apparent differences in conditioned reinforcement were 

related to differences in activity levels, as measured by inactive nose-poke port entries. 

Because of these findings, the authors concluded that their results were “probably not due to 

differences in the propensity to attribute incentive salience to reward cues” (Pitchers et al. 

2015). In contrast, the sex differences in the current study were more robust, with 

differences occurring later in conditioning (Figs. 2-3), more females being identified as ST 

than males (Fig. 3C), and differences in conditioned reinforcement that could not be 

explained by differences in general nose-poking activity (i.e., inactive nose-poke port 

entries, Fig. 4). Thus, we conclude that females were more prone to attribute incentive 

salience to the food-associated cue. Reasons for the differences between ours and the 

Pitchers et al. (2015) studies may include 1) our rats underwent the CRT task before PavCA 

testing, 2) were older as a result, and 3) our HS rats were from different litters (but the same 

supplier, Dr. Leah Solberg Woods), and thus may harbor genetic variants that interact with 

sex to produce the sex differences observed in this study. Additionally, exposure to 

methylphenidate prior to PavCA may have potentially altered the development of the sign-

tracking phenotype. Indeed, a history of amphetamine sensitization promotes subsequent 

sign-tracking to a food CS in female rats (Doremus-Fitzwater and Spear 2011; Robinson et 

al. 2015), although it is an open question whether other stimulants such as methylphenidate 

can produce this effect.

We also report an association between incentive salience attribution (as measured by sign-

tracking and conditioned reinforcement) and premature responding, consistent with previous 

studies (Lovic et al. 2011; see also Flagel et al. 2010), in which sign- and goal-trackers were 

tested in a 2-choice serial reaction time task and a differential reinforcement of low rates of 

responding task. In contrast to Lovic et al., (2011), PavCA was conducted after CRT testing, 

which suggests that differences in premature responding are not a direct result of PavCA 

training. In further contrast to Lovic et al., (2011), our current study used HS rats, which 

increases the detection of genetic sources of correlation. Previously, this line of subjects has 

been used to map the genetic loci of traits related to diabetes (Solberg Woods et al. 2010a; 

Solberg Woods et al. 2012 ; Solberg Woods et al. 2010b) and is currently being used to map 

the genetic loci of traits for complex drug-related behaviors by an NIH funded center (see 

http://ratgenes.org/). HS rats are especially valuable because they are more likely to generate 

conclusions that may better generalize than any single inbred strain. Our results therefore 

add significant additional external validity to previous findings by including both sexes and 

by utilizing a more genetically diverse sample.

In conclusion, our data add to a growing body of literature suggesting that action impulsivity 

and propensity to attribute incentive salience are related traits, and may reflect partially 
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overlapping neurobehavioral processes. In addition, we demonstrate that female rats have 

more premature responses and are more prone to sign-track reward cues than males, and that 

these two traits are related in males and females. These data also suggest that deficits in 

behavioral disinhibition may be particularly apparent in the presence of reward cues, and 

that this may lead to maladaptive behavioral regulation, such as that seen in ADHD and drug 

addiction. For example, a recovering cocaine addict may have particular difficulty refraining 

from drug-taking in the presence of stimuli associated with cocaine. Individuals with higher 

action impulsivity and incentive salience attribution to reward cues may be particularly 

prone to relapse in the presence of drug cues. However, future studies are needed to 

determine whether the genetic and neurobiological substrates of these traits are dissociable, 

and whether these traits alter behavioral regulation differently between individuals.
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Fig. 1. 
Premature responses, total trials, and reaction time were differentially affected by sex, 

reinforcer volume, and methylphenidate (MPH) dose. Asterisks (*) denote significant 

differences between sexes (p < 0.05). Daggers (†) represent differences within-subjects (p < 

0.05). (A) Males and females showed similar increases in premature responding for a 30 μL 

water reinforcer. (B) Females, but not males showed increased premature responding in 

response to methylphenidate. (C) Females had a tendency to initiate more trials than males, 

although there were no differences at higher reinforcer volumes and (D) was not altered by 

methylphenidate. (E) There were no sex differences in reaction time across reinforcer 

volumes or (F) methylphenidate doses. Although there was a main effect of 

methylphenidate, the interaction with sex, in which females were more sensitive to 

methylphenidate, did not reach statistical significance (p = 0.056). Data are presented as 

means ± SEM, and are collapsed across MPH dose (panels A, C, E) or Reinforcer Volume 

(B, D, F) measure.
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Fig. 2. 
Females approached the lever CS to a greater degree than males, and the food-cup to a lesser 

degree than males. Probabilities indicate the average number of trials in which a lever 

contact (A) or food-cup contact (B) occurred. Contacts indicate the average number of lever 

contacts (C) or food-cup contacts (D) during each session. Latency indicates the average 

elapsed time (s) before contacting either the lever (E) or the food-cup (F). Asterisks (*) 

denote differences between sexes on the indicated days (p < 0.05, detected by post-hoc 

analysis of Sex × Day interactions).
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Fig. 3. 
(A) Females had larger PavCA indexes, indicative of an increased propensity to sign-track, 

relative to males. Asterisks (*) indicate differences between males and females. (B) Food-

cup entries during the inter-trial interval (ITI) decreased across sessions, but did not differ 

between sexes. (C) Individual PavCA index scores show that there were more female than 

male sign-trackers, and more male than female goal-trackers.
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Fig. 4. 
Females and sign-trackers responded more for the CS than males and goal-trackers, 

respectively. Asterisks (*) indicate differences between males and females or between ST 

and GT (ps < 0.05). (A) Females made significantly more active nose pokes to present the 

food-paired cue, but no sex difference in the number of lever presses was observed in this 

task. (B) ST also responded more for the lever than GT, and contacted the lever more when it 

was extended (ps < 0.05).
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Fig. 5. 
(A) Sign-trackers (ST) had more overall premature responses than goal-trackers (GT), but 

did not differ from GT in (B) total trials initiated or (C) mean reaction time. Asterisk 

denotes significant ST/GT difference (p < 0.05).
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Fig. 6. 
(A) Correlation between lever contacts and food cup entries on Pavlovian conditioned 

approach to premature responses (PR) and total trials (TT) on the Choice Reaction Time 

Task. Dotted line indicates threshold for significant correlations across days (p < 0.05). The 

strongest and most consistent correlations were between premature responding and 

conditioned approach to the lever and food cup. (B) Example scatterplot with regression line 

showing the relationship between lever contacts on PavCA day 5 and the premature 

responses in the choice reaction time task (in the 10 μL, 0 mg condition). Asterisks indicate 

statistically significant correlations (p < 0.05). (C) In contrast to sign-tracking, tendency to 

approach the food cup (goal-tracking) was negatively associated with premature responding 

(p < 0.05).
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