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Abstract

Methyphenidate (MPH) is the primary drug treatment of choice for ADHD. It is also frequently 

used off-label as a cognitive enhancer by otherwise healthy individuals from all age groups and 

walks of life. Military personnel, students, and health professionals use MPH illicitly to increase 

attention and improve workplace performance over extended periods of work activity. Despite the 

frequency of its use, the efficacy of MPH to enhance cognitive function across individuals and in a 

variety of circumstances is not well characterized. We sought to better understand MPH’s 

cognitive enhancing properties in two different rodent models of attention. We found that MPH 

could enhance performance in a sustained attention task, but that its effects in this test were subject 

dependent. More specifically, MPH increased attention in low baseline performing rats but had 

little to no effect on high performing rats. MPH exerted a similar subject specific effect in a test of 

flexible attention, i.e. the attention set shifting task. In this test MPH increased behavioral 

flexibility in animals with poor flexibility but impaired performance in more flexible animals. 

Overall, our results indicate that the effects of MPH are subject-specific and depend on the 

baseline level of performance. Furthermore, good performance in in the sustained attention task 

was correlated with good performance in the flexible attention task; i.e. animals with better 

vigilance exhibited greater behavioral flexibility. The findings are discussed in terms of potential 

neurobiological substrates, in particular noradrenergic mechanisms, that might underlie subject 

specific performance and subject specific responses to MPH.
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Introduction

Methylphenidate (MPH), a catecholamine reuptake inhibitor, is the primary pharmaceutical 

option for treating Attention Deficit Hyperactivity Disorder (ADHD). Despite the frequency 

of its use, as many as 30% of ADHD children do not respond to MPH treatment (Barkley 

1977). The differential efficacy associated with MPH treatment has led to the conclusion that 

MPH has many dose dependent and subject specific effects that vary depending on outcomes 

measures, e.g. cognitive abilities, academic performance, and social behavior (Rapport et al., 

1985a; Swanson et al., 1978). For example, MPH in human subjects reduces impulsivity in a 

linear dose dependent manner as measured by the Matching Familiar Figures test. However, 

a closer inspection of the changes in each individual found that the dose producing the 

greatest change in impulsivity differed amongst each subject, suggesting a subject specific 

effect (Rapport et al., 1985b). MPH also exhibits baseline performance dependent effects on 

a visual perceptual processing task (Finke et al., 2010). MPH significantly enhanced 

performance on this test in low baseline individuals, an effect that positively correlated with 

blood plasma levels of MPH. High baseline individuals showed no improvement with MPH 

and exhibited a negative correlation with their blood plasma level of MPH. How and why 

MPH has such variable effects are currently unknown but important for establishing 

effective dosing regimens in ADHD patients.

In addition to its use as a treatment option for ADHD, MPH is becoming increasingly 

popular for off-label use as a cognitive enhancer. From 1996 to 2005, the number of 

prescriptions for MPH increased by approximately 100%. In that same time period, the 

MPH production increased by 268.9% indicating a growing trend in its illicit use (Swanson 

and Volkow, 2009). The Substance Abuse and Mental Health Services Administration 

(SAMHSA) conducts an annual National Survey on Drug Use and Healthy. According to 

their annual reports, the number of non-medical users of MPH increased from 2.7 million 

(1.2% of the population) in 2000 to 5.4 million people (2.1% of the population) in 2010. 

Despite its widespread use both clinically and non-clinically, the mechanism by which MPH 

enhances cognitive function is poorly understood, much less its actual efficacy as a cognitive 

enhancer.

The goal of the current study was to establish an animal model that differentiated effects of 

MPH on specific dimensions of cognitive function. Prior studies in ADHD patients, both 

children and adults, evaluated the effects of MPH on a battery of tests including alertness, 

vigilance, divided attention, flexibility, and aspects of selective attention such as focused 

attention, inhibition, and integration of sensory information (Tucha et al, 2006a; 2006b). In 

the present study drug effects were assessed in rodent tests of sustained and flexible 

attention. We adopted this approach to measure the efficacy of the purported pro-cognitive 

effects of MPH in a normal population.

Methods and Materials

Animals—Twenty-five male Sprague-Dawley rats (150–175 g, Taconic Farms, 

Germantown, Pennsylvania) were housed in groups of 2 or 3 on a 12 hr light : 12 hr dark 

cycle (lights on at 07:00 am). Care and testing followed all NIH guidelines for research 

animal care and all procedures were approved by the Drexel University Institutional Animal 
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Care and Use Committee. All testing took place between 9 am and 5 pm. Following a period 

of adaptation, rats were reduced to 90% of ad libitum body weight by limiting their water 

intake to 10 minutes a day.

Drug Administration—Animals were administered MPH or saline orally by ingestion of 

a drug solution soaked piece of sweetened cereal 15 minutes prior to each test session. MPH 

was dissolved in saline (2, 8, 16 mg/kg, Sigma-Aldrich, St Louis, MO) and then applied to 

the piece of cereal. Saline only soaked pieces of cereal served as controls. All animals must 

have completely consumed the drug and cereal to be included in the data. Drug days were 

separated by at least one day to washout any drug effect and ensure a return to baseline level 

of performance.

Sustained Attention Apparatus—The sustained attention apparatus was an operant 

chamber from Med Associates (St Albans, VT) with a house light, a stimulus light between 

two retractable levers, and a water dispenser opposite the levers that delivered 40 ul aliquots 

of water. The levers, lights, and water delivery system were controlled by Med-PC software 

from Med Associates.

Sustained Attention Testing Procedure—Rats were trained to perform a visual 

sustained attention task as previously described (Berridge et al., 2012). Briefly, water 

restricted animals were trained to report the presence or absence of a 15 msec duration 

stimulus light by pressing one of two levers that were extended on each trial. Correct choices 

resulted in a water reward while incorrect choices were punished with a timeout. All animals 

were allowed to complete as many trials as possible within the 45 minute testing period. 

Performance was measured by vigilance index (VI), a derivative of the sensitivity index used 

in signal detection theory. Testing began once performance stabilized over three consecutive 

days with a VI score of 0.35 or greater, which is the threshold representing chance 

performance. Following completion of the experiments employing the sustained attention 

paradigm, animals were allowed to freely consume water and food for three days before 

being food restricted back down to 90% of their ad libitum weight in preparation for testing 

in the attentional set shifting task.

Sustained Attention Task Data Analysis—There are five possible responses that the 

rat can emit in the sustained attention task: 1) Hit = correct responding on the signal lever, 2) 

Correct Rejection = correct response on the non-signal lever, 3) Miss= incorrect response on 

the signal level, 4) False Alarm= incorrect response on the non-signal lever, 5) Omission = 

no response (increases correlate with sedative drug effects). For each session the relative 

number of Hits was calculated h = (#Hits / #Hits + #Misses) as a measure of signaled 

responding, as well as the relative number of Correct Rejections CR=(#Correct Rejections / 

#Correct Rejections + #False Alarms) as a measure of non-signaled responding. A measure 

of relative performance was generated using the relationship of relative hits (h) to false 

alarms (f, where f=#False Alarms / #False Alarms + #Correct Rejections) using a formula 

for the index of signal sensitivity: Vigilance Index (VI) = (h-f)/[2*(h+f)-(h+f)2] where: −1 < 

VI> +1. A value of 0 indicates 50% performance in both signal and non-signal trials and 

suggests that the subject was performing at chance. A value of +1 signified correct responses 
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in all signal and non-signal trials (excluding omissions). A value of 59% performance in 

both signal and non-signal trials indicated performance that is significantly greater than 

chance, which typically results in VI ≥ 0.35.

Attention Set Shifting Apparatus—The set shifting apparatus was a custom built box 

modeled after the design of Birrell and Brown (Birrell and Brown, 2000). The testing arena 

(40L × 71W × 20H cm) was constructed from melamine with a plexiglass divider that served 

as a guillotine door that separated one-third of the arena into a holding area and two-thirds 

into a testing area. The testing area was further divided in half to provide two pot sampling 

areas. Terracotta pots were filled with wax to weigh them down with a top layer of scented 

wax that varied for each pair of pots. The pots were then covered in a fabric and filled with a 

digging medium that also varied among sets of pots to provide three dimensions in which 

they could differ.

Attention Set Shifting Procedures—Food restricted animals were tested according to 

the procedure established by Birrell and Brown 2000. Briefly, each animal was habituated to 

the testing arena and to terracotta pots. They were then trained to distinguish between each 

of three pairs of exemplar pots that differed in only one of the three possible features (scent, 

digging medium, or texture) for a food reward of sweetened cereal. Rats were moved to the 

next pair of exemplar pots when they correctly made 6 choices in a row. A correct choice 

was defined as vigorously displacing the digging medium. These pots were never used 

again.

Animals were then tested on a series of nine different discriminations of increasing 

difficulty. Fifteen minutes prior to the beginning of testing, animals were administered saline 

or methylphenidate (8 mg/kg, p.o.). Each rat started with a simple discrimination (SD) in 

which the pots differed in only one dimension, either odor or medium. After reaching 

criterion, rats were introduced to the second stage, a compound discrimination (CD), in 

which pots differed in two dimensions, odor and digging medium, with only one stimulus 

dimension reinforced. In the third stage, reversal 1 (Rev1), the previously unreinforced 

stimulus became the relevant choice. The fourth stage consisted of an intra-dimensional shift 

(IDS) in which a new set of pots with novel stimuli were introduced. The reinforced 

stimulus remained in the same sensory dimension. For example, a rum scent may be 

reinforced in the Rev1 stage, which was followed by reinforcement of a pear scent in the 

ensuing ID stage. In the next stage, the reinforced stimulus was again reversed (Rev2) within 

the same dimension. In the next stage, the extra-dimensional shift (EDS), novel pots were 

again introduced, but the reinforced stimulus shifted to a different dimension (odor to 

digging medium or digging medium to odor). This was followed by another reversal stage 

(Rev3) and a perseverative stage in which only the irrelevant dimension, texture, was 

different. The direction of the shift and the order in which stimuli were presented were 

counterbalanced across all animals.

Attentional Set Shifting Data Analysis—A normal animal that has formed an 

attentional set typically needs more trials to reach criteria in the ED shift than the ID shift. 

The number of trials to reach criterion on the ED shift was compared using an ANOVA 
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comparing treatment groups to control groups. A post-hoc Dunnett’s test comparing 

treatment groups to saline control groups was used if significance was found.

Selection of High vs Low Performers—Animals were divided into a high or low group 

based on their baseline level of performance in the sustained attention task. Animals with a 

baseline VI above the group median VI were defined as high performers while animals with 

a baseline VI below the group median were categorized as low performers. Student’s T-tests 

were used to compare the various basal characteristics of the low and high performance 

groups including VI, hit rate, correct rejection rate, omission rate, and motor activity.

Data from the sustained attention task was analyzed using a two way repeated measures 

ANVOA group (low vs high performers) and drug (Baseline vs MPH) effects. Planned 

comparisons of drug effect relative to baseline were conducted for each performance group. 

Spearman’s regression was used to determine correlations between measurements of 

sustained attention and set shifting performance.

Results

Baseline rodent performance in the sustained attention task varied according to a normal 

distribution ranging from just above chance to near perfection (Fig. 1A). The distribution of 

performance measured by VI was not significantly different from normal according to the 

Shapiro-Wilk test [W(25)= 0.948, p=0.225]. Overall, methylphenidate at a behaviorally 

relevant dose (8 mg/kg, p.o.) significantly improved performance in the sustained attention 

task (Fig. 1B) as measured by Vigilance Index (F(1,24)=7.995, p<0.01). The distribution of 

performance in this population sample following MPH treatment also fit a Gaussian 

distribution (Fig. 1C). Shapiro- Wilks test for normality showed that the distribution of the 

VI following MPH treatment was not significantly different from the null hypothesis 

(W(25)=0.965, p=0.519), as was the change in VI due to MPH (W(25)=0.984, p=0.952). 

The wide range and normal distribution of sustained attention performance was consistent 

with that of a heterogeneous population such as the outbred rats used in this study. A scatter 

plot analysis of the data (Fig. 1D) revealed a correlation between baseline VI and change in 

VI following MPH administration. MPH improved sustained attention performance in more 

animals with a lower level of baseline performance than those with a higher baseline level of 

performance. Only 4 of 13 animals (31%) with a baseline VI above 0.65 showed an increase 

in VI greater than 0.05 after MPH treatment while 9 of 13 animals (69%) with a baseline VI 

below 0.65 showed a MPH mediated increase in VI of 0.05 or greater.

Relationship between Baseline Performance and the Effect of MPH in the 
Sustained Attention Task—Because of the wide range of baseline VI performance, we 

ran a post hoc correlation analysis to determine whether baseline performance was 

associated with the effect of MPH (Fig. 2). Pearson’s correlation found a significant 

relationship for baseline VI with both VI with MPH treatment (r=0.778, p<0.001) and the 

change in VI due to MPH treatment (r=−0.423, p<0.05). These results demonstrate a 

significant relationship between the baseline performance of an individual animal in the 

sustained attention task and the effect of MPH in that same animal.
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Characterization of Animals with High or Low Sustained Attention—Following 

the discovery that drug effect was related to baseline performance, rats were grouped for 

further analysis into one of two phenotypes based on their baseline level of performance in 

the task (Fig. 3 and Table 1). The median baseline VI of the entire cohort was used to 

separate the rats into groups of high and low performers. The two groups were of identical 

age and weight and could not be distinguished based on their physical appearance or general 

observed behavior. Differences in performance in the sustained attention task could not be 

attributed to physiological differences such as motor activation (locomotor testing), task 

acquisition, or visual acuity (Table 1).

The low baseline performance group had a median VI of 0.552 and a mean VI of 0.572 

while the high baseline performance group had a median of 0.788 and a mean VI of 0.776 

(Fig. 3A). The mean VI of the two groups was significantly different from each other [t(23)=

−7.970, p<0.001]. These differences were manifest in two additional measures of 

performance in the sustained attention task, hit rate (correctly responding on the signal lever) 

and correct rejection rate (correctly responding on the non-signal lever). The median hit rate 

of the low and high performance groups was 66.0% and 87.4%, respectively with averages 

of 67.1% and 84.9% (Fig. 3B),, which were significantly different from each other [t(23)=

−5.088, p<0.001]. The mean correct rejection rates of the two groups were significantly 

different at 78.2% and 85.6% [t(23)=−3.376, p<0.01] with medians of 77.2% and 84.9%, 

respectively (Fig. 3C). Even the rate of omissions between the two groups was different (Fig. 

3D) with the low performance group omitting responses an average of 7.9% of the time 

compared to an omission rate of 3.8% in the high performance group [t(23)=2.764, p<0.05].

The Effect of MPH on Low and High Baseline Performance Groups in the 
Sustained Attention Task—The next experiment examined how various doses of oral 

methylphenidate (saline, MPH 2 mg/kg, MPH 8 mg/kg, and MPH 16 mg/kg p.o.) affected 

performance of high and low performing rats in the sustained attention task (Fig. 4). All 

animals were subjected to each drug condition through repeated testing. Performance was 

quantified using VI as well as hit rate and correct rejection rate to determine if there were 

differential effects of dose and baseline performance on these two measures.

A repeated measures ANOVA revealed a significant main effect of the MPH dose on VI 

[F(5,19)=3.043, p<0.05]. Planned comparisons were performed to determine which doses 

had a significant effect. These analyses showed that that VI is only affected at a dose of 8 

mg/kg p.o. and exclusively in the low performance group [F(1,23)=15.134,p<0.001]. This 

result was significant for both absolute and relative VI changes from baseline. The lower and 

higher doses did not significantly affect VI (2 mg/kg [F(1,23)=1.303,p=0.265]; 16 mg/kg 

[F(1,23)=2.107,p=0.160]). The high performance group was not affected by any dose of 

MPH. Similarly, hit rate was only enhanced in the low performance group at a dose of MPH 

8 mg/kg p.o. The hit rate of the high performance group was not affected at any dose of 

MPH. In contrast to these results, MPH had no effect on correct rejection rates at any dose in 

either group. As expected, oral saline administered before or after the MPH dose response 

curve did not affect performance [F(1,23)=1.749,p=0.199; F(1,23)=1.026,p=0.322].
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The Effect of MPH and Baseline Performance in the Sustained Attention Task 
on Performance in the Attention Set Shifting Task—The next set of experiments 

examined set shifting performance of animals tested (n = 17) in the sustained attention task 

(Fig. 5). Under control conditions the number of trials to criteria in the intra-dimensional 

shift were significantly different from the number of trials to criteria in the extra-

dimensional shift indicating the animals were forming and shifting their attention sets as 

expected [F(1,21)=158.270,p<0.001]. Separating animals into the two sustained attention 

performance based groups yielded a similar significant difference in the number of trials to 

criteria between the IDS and EDS stages for both the low [t(23)=−8.526, p<0.001]and high 

groups [t(21)=−7.403, p<0.001]. Further segregation of the data to account for saline (Low, 

t(11)= −10.482, p<0.001; High, t(10)= −4.086) and MPH (Low, t(21)= −5.025, p<0.001; 

High, t(10)=−7.416, p<0.01) treatment did not change the significant differences found 

between the IDS and EDS shifts, demonstrating appropriate formation and shift of attention 

sets across each group and condition.

Because of the greater difficulty of the EDS, the number of trials to criteria in the IDS are 

typically less than the number of trials to criteria for the EDS. A repeated measures ANOVA 

found an overall difference in behavioral flexibility between the two groups of animals 

[F(1,21)=13.758, p<0.001]. ANOVA also found a significant main effect of MPH treatment 

[F(1,21)=8.456, p<0.01] that appeared to increase the number of trials to criteria overall. 

Drug treatment did not interact with the stage of the set shifting task [F(1,21)=1.394, 

p=0.251], suggesting that MPH increased trials to criteria in both stages equally. However, 

separating the performance of the low and high sustained attention animals revealed a 

significant interaction between the performance group of an animal and the drug treatment 

[F(1,21)=26.758, p<0.001], which suggested a difference in how the two groups of animals 

responded to the drug.

An interaction between all three factors [drug x stage x performance group, F(1,21)=23.090, 

p<0.001] indicated a difference in how the two performance groups responded to drug 

treatment across both testing stages. Planned comparisons showed that, under normal saline 

conditions, the high baseline performance group needed significantly fewer trials to criteria 

in the extra-dimensional shift [F(21)=23.673, p<0.001] compared to the low baseline 

performance group (Fig. 5A). Treatment with MPH improved the low baseline performance 

group by reducing the number of trials to criteria in the extra-dimensional shift 

[F(22)=30.556, p<0.001] (Fig. 5B). In the high performance group, MPH treatment 

significantly increased the trials to criteria in both the intra-dimensional [F(20)=19.563, 

p<0.001] and extra-dimensional stages [F(1,20)=17.401, p<0.001], suggesting an 

impairment in behavioral flexibility due to MPH ( [F(1,21)=9.563, p<0.001]) (Figure 5C).

Post hoc tests were used to more specifically characterize the effects of MPH on each group 

(Fig. 6). To account for the increased number of trials to criteria in the high baseline 

performance group, we measured behavioral flexibility by comparing the number of trials to 

criteria in the extra-dimensional shift to the number of trials in the intra-dimensional shift. A 

repeated measures ANOVA found that MPH treatment had a significant main effect on 

performance [F(1,21)=5.975, p<0.05]. In addition, the two baseline performance based 
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groups were still significantly different using this different measurement of behavioral 

flexibility [F(1,21)=14.877, p<0.001] (see Fig. 6A).

An interaction between drug treatment and the baseline performance groups [F(1,21)=8.033, 

p<0.01] indicated a difference in how the two groups of animals responded to drug 

treatment. The high baseline performance group had a ED:ID ratio of 1.36 under saline 

control conditions (Fig. 6D) while the low baseline performance group had a significantly 

higher ratio of 1.93 (Fig. 6C) [F(1,21)=31.307, p<0.001], indicating diminished flexibility. 

The ED:ID ratio in the high performance baseline group was 1.40 following MPH treatment 

(Fig. 6D), which was not significantly different from the low baseline performance group’s 

ED:ID ratio of 1.49 (Fig. 6C) [F(1,21)=0.483, p=0.495]. MPH treatment did not 

significantly alter the ED:ID ratio of the high baseline performance group [t(10)= −0.344, 

p=0.738] (Fig. 6D), but it did significantly alter the ratio in the low baseline performance 

group [t(11)=3.286, p<0.01] (Fig. 6C).

Relationship between Performance on the Sustained Attention Task and 
Performance on the Attention Set Shifting Task—A post-hoc correlational analysis 

of the various performance measures on the two tasks in all animals that were tested was 

conducted to determine whether performance in one task was predictive of performance in 

the other task. Spearman’s correlation analysis was used to compare the average baseline 

vigilance index from the sustained attention task to the IDS:EDS ratio from the attention set 

shifting task. Using this approach we determined that baseline performance (VI) in the 

sustained attention task was negatively correlated with baseline performance (ED:ID ratio) 

in the set shifting task (rs=−0.751, p<0.001 – Fig. 6B), i.e. more vigilant animals tended to 

have greater behavioral flexibility.

Discussion

We have shown that the subject specific effects of MPH observed in the clinical population 

are represented in a rodent model of cognition. The distribution of performance in a rodent 

test of sustained attention varied according to a normal distribution. An individual animal’s 

baseline performance in the sustained attention task correlated with the effect of MPH at 8 

mg/kg p.o. in that same animal, ie an animal with high baseline performance showed little 

effect from MPH while an animal with low baseline performance showed a significant 

improvement in performance following MPH treatment.

Animals at the two ends of the performance spectrum in the sustained attention task differed 

in their cognitive function only. This difference was not due to alternative factors such as 

visual acuity, motor activity, or rate of learning. The only difference was in their ability to 

sustain attention to the task-related stimulus and respond appropriately. In addition, the 

effect of MPH on performance in the sustained attention task varied between the high and 

low performing groups.

The differences between animals that were revealed in the sustained attention task were also 

evident in a different a test of cognitive function, the attention set shifting task. Animals with 
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poor performance in the sustained attention task showed poor ability to efficiently shift 

attention from one reinforcing stimulus to another in the attention set shifting task.

Technical considerations

Route of administration—We chose to administer the drug orally to mimic the clinical 

route of administration as closely as possible. To do so, we fed rats sweetened cereal treats 

infused with a MPH solution. This method required close monitoring to ensure that each rat 

consumed the proper amount of drug. However, this approach minimizes the stress 

experienced by the animal compared to oral gavage or intra-peritoneal injections and thus is 

a better route of administration for a cognitive task that has been shown to be sensitive to the 

effects of stress.

Dosing: MPH’s effect on cognition has previously been shown to be dose dependent, task 

dependent, and context dependent (Barkley, 1977; Dodds et al., 2008; Finke et al., 2010; 

Hale et al., 2011; Konrad et al., 2004; Marquand et al., 2011; Swanson et al., 1978). We 

selected only a primary dose based on pilot data from our laboratory that found 8 mg/kg p.o. 

to be the optimal dose for enhancing sustained attention performance. In ADHD children, 

the optimal dose of MPH for improving behavior is not the same as the optimal dose for 

improving cognitive function in these children, demonstrating variable behavioral results for 

different doses of MPH in the same subjects (Hale et al., 2011). In addition, MPH has been 

shown to have subject specific effects that are baseline performance dependent ( Finke et al., 

2010; Rapport et al., 1985a).

Doses used to treat ADHD typically produce blood plasma levels of 8–40 ng/ml (Swanson et 

al., 1999; Swanson and Volkow, 2002). Oral doses of MPH at 0.5, 2.0, and 3.5 mg/kg in 

adult male Wistar rats produced peak blood plasma level s of 2.1, 36, and 62 ng/ml (Aoyama 

et al., 1990). Subsequent efforts in adolescent male Sprague Dawley rats closely replicated 

these results with 1.0 mg/kg p.o. producing a 9.3 ng/ml peak concentration (Kuczenski and 

Segal, 2002). The primary dose used in our study was 8.0 mg/kg p.o. which likely produces 

a blood plasma level above the range typically seen in clinical populations. However, pilot 

testing in our laboratory has shown that such a dose produces the most improvement in 

rodent performance of the sustained attention task. The discrepancy between the optimal 

dose to treat ADHD symptoms in humans and improve rodent performance on behavioral 

tasks could be due to differences in the norepinephrine transporter (NET), which, while 

functionally similar, can be genetically distinct with different capacities for monoaminergic 

uptake (Gu et al., 2001). While there is a less than four-fold difference in Ki values between 

the rodent and human NET, a small difference in binding between the two transporters could 

be enough to account for the higher doses needed to produce optimal behavioral 

improvements in the rat (Han and Gu, 2006). It is also important to note the differential 

sensitivity of rodent tests of executive function to different doses of MPH. In animals MPH 

improves performance on spatial working memory tasks at lower doses and across a 

narrower dose range than MPH at higher doses and across a broader range that improve 

performance on sustained attention tasks (Berridge et al., 2012). Thus, drug dosing for MPH 

must be considered in the context of the behavioral task being examined.
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Vendor and Genetic background—Different genetic backgrounds could lead to 

different baseline levels of performance or drug sensitivities. Studies comparing behavioral 

performance of inbred strains to their outbred stocks have found significant differences in 

cognitive function. For example, the spontaneous hypertensive rat is an inbred strain of the 

Wistar Kyoto stock, but the two strains show differences in sustained attention and set 

shifting performance (Kantak et al., 2008; Thanos et al., 2010). The subjects used in this 

study were of the Sprague-Dawley outbred stock which is purportedly representative of the 

genetic diversity found in a heterogeneous population of wild type animals. Despite the best 

efforts of the vendor that supplied our subjects, the animals included in our study may not 

actually be representative of the genetic diversity of a heterogeneous population. For 

example, improper cross breeding procedures by the vendor for just a few generations would 

result in a shift in the genetic background of the subsequent generations of rats. Those rats, 

then, would not have the genetic diversity of the overall outbred stock, which could alter the 

behavioral performance of that sub-population of rats.

Behavioral Outcomes

Subject-specific effects of MPH – Sustained Attention—Because MPH reportedly 

produces subject specific effects in the clinical population (Barkley, 1977; Hale et al., 2011; 

Rapport et al., 1985a; Swanson et al., 1978), we examined the data for subject specific 

effects of MPH within an animal population. The effects of MPH in normal healthy human 

subjects have been consistently inconsistent in that the drug improves cognitive performance 

in some individuals in some tasks but does not have a universal effect across all individuals 

(Finke et al., 2010). Our results confirmed that the subject specific effects reported in 

clinical populations carried over into an animal population. The animals that improved the 

most from MPH treatment tended to have the lowest baseline levels of performance in the 

sustained attention task. Conversely, animals that showed no improvement from MPH 

treatment had higher baseline levels of performance. Our statistical analysis confirmed a 

strong correlation between baseline performance in the sustained attention task and the 

effect of MPH (8 mg/kg) on performance in the task. We subsequently split the population 

into low and high groups for further analysis based on their baseline performance and the 

effect of MPH on their performance.

The overall difference between low and high performing animals also carried over into the 

two primary components of performance in the sustained attention task, hit rate and correct 

rejection rate, both of which were higher in the high performance group. We examined other 

aspects of these two groups of animals to determine whether some factor other than 

differences in cognitive function could account for the variation in baseline performance in 

the two groups. We found no differences in motor activity, learning, and signal detection 

between the two groups of animals. We even found that the difference in performance 

carried over from an earlier training version of the sustained attention task that is easier due 

to the longer stimulus duration. The two groups of animals are, thus, two distinct behavioral 

phenotypes that differ only in tested dimensions of their cognitive function.

We repeated sustained attention testing in these same animals with different doses of MPH, 

i.e. ones that produced blood plasma levels above or below the behaviorally relevant range. 
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We found that a dose below the optimal dose for improving task performance did not have a 

significant effect overall, nor did it have an effect on either performance group individually. 

Treating animals with a dose above our optimal dose did not improve performance in the 

sustained attention task, but it did reduce sustained attention in the low performance group.

The effects of MPH on behavioral flexibility—The set shifting task was designed to 

be analogous to the Wisconsin card sorting task, a test of behavioral flexibility in humans 

(Birrell and Brown, 2000). The results from our experiments are consistent with the 

dependence on the PFC and monoamine system reported in the human and nonhuman 

primate equivalents (Advokat, 2010; Dias et al., 1996; Koelega, 1993; Konrad et al., 2004; 

Mehta et al., 2004; Pietrzak et al., 2006; Robbins, 2007; Rogers et al., 1999; Tannock and 

Schachar, 1992; ). In our experiments MPH 8 mg/kg p.o. improved behavioral flexibility, 

most likely mediated by the α1 receptor (Lapiz and Morilak, 2006). The correlation between 

baseline set shifting performance and the effect of MPH on that performance indicates that it 

primarily enhances flexibility in animals that demonstrate initial poor behavioral flexibility. 

Quantifying behavioral flexibility using the ratio of ED to ID trials to criteria to compare 

performance across conditions suggested that the high baseline performance group was not 

affected by MPH treatment in the set shifting task. However, the total number of trials 

needed to reach criteria increased across both the intra-dimensional and the extra-

dimensional stages, demonstrating a worsening of performance overall, despite the lack of 

relative change in behavioral flexibility according to the ED:ID ratio. These results suggest 

that poor behavioral flexibility can be improved by MPH administration. However, subjects 

with better baseline behavioral flexibility may be impaired by MPH treatment.

Correlations between MPH and performance in two different cognitive tasks—
Our correlational analysis uncovered a number of relationships between performance in the 

two cognitive tasks. Our first finding was a correlation between baseline performance in the 

sustained attention task and the effect of MPH in that same animal’s performance in the 

sustained attention task. We also found a similar correlation between baseline performance 

in the set shifting task and the effect of MPH on an animal’s performance in the set shifting 

task. Prior studies in non-medicated ADHD patients, both children and adults, have 

demonstrated deficits in performance across a spectrum of tasks that evaluate multiple forms 

of attention including sustained and flexible capabilities (Tucha et al, 2006a; Tucha et al, 

2006b). Finally, Animals with higher baseline sustained attention performance correlated 

with lower EDS:IDS ratios, i.e. more vigilant animals tended to have greater behavioral 

flexibility. Interestingly, MPH’s effect on one cognitive task did not correlate with its effect 

on the other task, but it is possible that the sample size was not large enough to reach such a 

conclusion.

Potential Biological Differences between Low and High Performing Animals

The different performance outcomes and differential MPH sensitivity observed in the two 

phenotypes characterized are suggestive of potential differences in the NE and/or DA 

systems. In ongoing and previous studies using an array of pharmacologic blocking agents 

we and others have determined that MPH effects on performance of sustained and flexible 

attention tasks are dependent, at least in part, upon interactions with noradrenergic 
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neurotransmission (Berridge et al, 2012; Cain et al, 2011; Lapiz and Morilak, 2006; 

McGaughy et al, 2008; Navarra et al. 2008; 2013). The factors that would influence 

noradrenergic system function and subsequent behavioral phenotype include but are not 

limited to transporter function, presynaptic regulation of transmitter release, postsynaptic 

receptor availability, and neuroanatomical variations in locus coeruleus projections to signal 

processing and decision making circuits.

One testable hypothesis is that the behavioral differences between the two groups of animals 

is due to a variance in the norepinephrine transporter (NET) capacity to clear NE from the 

extracellular space owing to differences in uptake capacity or plasma membrane expression. 

In vitro models, for example, have shown the NET to be relatively plastic in its 

plasmalemmal surface expression and function (Annamalai et al., 2010; Binda et al., 2006; 

Dipace et al., 2007; Hahn et al., 2003; 2005; Mandela and Ordway, 2006; Matthies et al., 

2010; Sung et al., 2003;). The plasmalemmal expression of NET varies between control and 

chronically stressed animals demonstrating plasticity of NET trafficking in vivo (Miner et 

al., 2006). NET expression has even been shown to vary from region to region within the 

same animal (Park et al., 2011).

Alternatively, there may be differences in transporter capacity that account for the 

differential response to MPH treatment. Peripheral system NET has been shown to be 

somewhat plastic in its uptake function as shown by its sensitivity to cold exposure (King et 

al., 1999). Human studies of NET polymorphisms have found an association between 

different alleles and different physiological responses demonstrating a possible link between 

transporter function and behavioral phenotype (Kohli et al., 2011). Differences in uptake 

capacity could alter the basal concentration of NE in the extracellular space, similar to the 

differences in baseline NE observed in human patients. In addition Wistar and Wistar-Kyoto 

rats chronically treated with desipramine show differences in forced swim test times that 

may be due to differences in transporter function measured in synaptosomes (Jeannotte et 

al., 2009). The low and high performance groups may exhibit a similar differential 

transporter uptake capacity which could account for the differential response to MPH. The 

same extracellular concentration of NE could produce varying influences on neural circuit 

functions and behavioral outcomes if presynaptic α2a autoceptors between groups of 

animals differ in their sensitivity or efficiency. A disparity in autoceptor function would 

result in an alteration in NE release across groups of animals, indirectly modulating function 

of the NET, which is sensitive to the extracellular concentration of NE (Zhu and Ordway, 

1997). A variance in autoceptor function would thus lead to greater swings in NE 

concentration due to its indirect modulation of NET uptake capacity.

Differential expression or sensitivity of post-synaptic receptors between animals could result 

in different responses to the same concentration of NE in the extracellular space. The 

increased sensitivity to MPH shown in the low performance group in our experiments could 

indicate that these animals may be more sensitive to changes in NE efflux either through 

greater expression or increased sensitivity of post-synaptic receptors similar to the effect of 

polymorphisms of the α1 receptor in humans (Lei et al., 2005). Rodents have also been 

shown to exhibit changes in post-synaptic receptor sensitivity and α2 receptor binding 

affinity in rodent models such as the NET-KO mice and reserpine mediated monoamine 
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depleted rats (Ugedo et al., 1993; Xu et al., 2000). The postsynaptic α2 receptor may be 

even more adaptive as shown by the change in receptor affinity (Kd) following both acute 

and chronic reserpine treatment of neural membrane extracted from various areas of the 

brain including the hypothalamus, parieto-occipital cortex, brainstem, and striatum (Giralt 

and Garcia-Sevilla, 1989).

Finally, differences in behavioral outcomes and MPH sensitivity could be due to 

neuroanatomical variations in LC projections to circuits engaged in attention tasks. Studies 

in our laboratory have shown that neurons in the LC are segregated with respect to their 

connections to the frontal cortex (Chandler and Waterhouse, 2012). Each neuron that 

projects to the cortex almost always projects to only a single cortical area and is distinct 

from other LC neurons that project to alternate cortical areas, although there are some LC 

cells that project to multiple distal targets. Variations in the relative proportion of LC 

neurons projecting to each sub-region of the frontal cortex would result in differences in the 

strength of the connectivity between the LC and frontal cortical targets between subjects that 

could be manifested as differential cognitive function. Alternatively, a change in the number 

of LC cells that project to multiple distal targets would result in a loss of fine control over 

PFC function that could also result in behavioral differences.

Implications

Implications of low performance group as a potential model of impaired 
cognitive function—Even though the animals used were purportedly of a normal wild 

type background, the low performance group exhibit a similar behavioral phenotype 

compared to clinical populations with impaired cognitive function such as ADHD. ADHD 

patients have been shown to be reliably impaired in tests of sustained attention and other 

executive functions (Barkley et al., 1992; Douglas, 1972; Seidman et al., 1998; 2004; 

Sergeant et al., 2002). The low performance group characterized in our experiments shows a 

similar phenotype to ADHD children, who, like the low performing rats here, show impaired 

sustained attention, poor cognitive flexibility, and good behavioral response to MPH 

treatment. The low performance rats may share a common mechanism that could provide 

insight into attention disorders for which the molecular and genetic etiology is poorly 

understood.

Implications for treating ADHD patients—Our results are consistent with growing 

evidence of subject specific effects of MPH (Barkley, 1976; Hale et al., 2011; Husain and 

Mehta, 2011). Each individual subject may need a slightly different dose to produce the best 

behavioral and/or cognitive improvement. Our experiment broadly split the population into 

two groups that responded differently to the same dose of MPH. Yet, within each group 

subjects responded similarly to the same dose of MPH, suggesting that MPH’s effects in a 

specific subject can be predicted based on a subject’s behavioral phenotype. The human 

clinical population also demonstrates subject specific responses to MPH (Barkley, 1976). 

The current methodology of slowly titrating the dose of MPH for a patient takes a number of 

weeks if not months to find the optimal dose for a patient, frequently delaying relief from 

symptoms for the patient. There is both preclinical (Blondeau and Dellu-Hagedorn, 2007) 

and clinical (Hale et al., 2011) evidence that a subject’s response to MPH can be predicted 
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based on the behavioral phenotype of the subject. Our results support the possibility of 

developing behavioral phenotypes, based on neuropsychological screens such as a sustained 

attention test or set shifting test, which can be used to closely predict the most optimal dose 

for a patient based on his or her phenotypic profile.

Implications for off-label users of MPH—Many off-label users anecdotally claim 

improved cognition function following self-administration of low dose MPH. However, 

results from clinical studies of MPH’s effects on cognition in normal adult populations 

depict a more mixed picture ( Husain and Mehta, 2011; Repantis et al., 2010). Reaction time 

in the continuous performance task (CPT), the human analog of the sustained attention task 

used in our experiments, was consistently reduced in normal subjects, but improvements in 

cognition overall were inconsistent. One study found an improvement in a visual processing 

speed and short term memory, but only in subjects with a low baseline level of performance 

(Finke et al., 2010). Our experiments produced similar results with MPH enhancing low 

baseline performance but not high baseline performance in a rodent model of sustained 

attention. The lack of improvement in the high baseline performance group in our 

experiment suggests that high performing humans who self-administer MPH as a cognitive 

enhancer may not be benefiting as much as they might believe.

Conclusion

We have shown that the subject specific effects of MPH observed in the clinical population 

carry over to a rodent model of cognition. The distribution of performance in a rodent test of 

sustained attention varied according to a normal distribution. An individual animal’s 

baseline performance in the sustained attention task correlated with the effect of MPH at 8 

mg/kg p.o. in that same animal, ie an animal with high baseline performance showed little 

effect from MPH while an animal with low baseline performance showed a significant 

improvement following MPH treatment. The only difference was in their ability to sustain 

attention to a stimulus and respond appropriately. The differences in sustained attention 

performance carried over to a test of a different cognitive function, flexible attention. 

Animals with poor sustained attention showed poor ability to efficiently shift attention from 

one reinforcing stimulus to another. As was the case with sustained attention, the 

performance enhancing effects of MPH on flexible attention were most evident in animals 

with initially weak performance in the attention set shifting task. Although the NE-LC 

system is not solely responsible for executive function, the results of the present study 

identify behavioral phenotypes that could result from variations in noradrenergic function.
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Figure 1. 
MPH can be used to differentiate between distinct behavioral phenotypes that represent two 

ends of the spectrum of sustained attention performance. A. Distribution of performance in 

the sustained attention task (VI). Within the rodent population in our study, performance in 

the sustained attention task varies along a spectrum, from just above the threshold for chance 

(VI = 0.35) to near perfect performance (VI = 1.0). Animals were grouped to the next 

highest tenth arbitrary unit of VI in the histogram seen here to visually demonstrate the 

distribution of the performance of all the animals used in this study (n=25). The distribution 

of animals fits a Gaussian curve according to Shapiro Wilks Test for normality (W(25)= 

0.948, p=0.225). The median level of performance in this set of animals was 0.634 with a 

mean of 0.654. B. Overall, methylphenidate at a behaviorally relevant dose (8 mg/kg, p.o.) 

significantly improved performance in the sustained attention task as measured by Vigilance 

Index (F(1,24)=7.995, p<0.01). C. Distribution of the effect of MPH (8 mg/kg, p.o.) on 

individual performance (VI). The change in VI of each individual rat was grouped into the 

next highest 0.05 bin of the arbitrary VI unit to examine the distribution of the effect of 

MPH. The distribution of MPH’s effect on performance as measured by change in VI 

following treatment with MPH (8 mg/kg, p.o.) fits a Gaussian distribution (W(25)=0.984, 

p=0.952). The mean response was 0.0584 and the median response was 0.0598. D. 

Correlation between baseline VI and VI with MPH. MPH improved sustained attention in 

more animals with a lower level of baseline performance than those with a higher baseline 

level of performance. Only 4 of 13 animals (31%) with a baseline VI above 0.65 (vertical 

dashed line) showed an increase in VI greater than 0.05 after MPH treatment while 9 of 13 

animals (69%) with a baseline VI below 0.65 showed a MPH mediated increase in VI of 

0.05 or greater. Filled circles = change in VI > 0.05; open circles = change in VI < 0.05.
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Figure 2. 
Relationship between baseline performance and performance with MPH (8 mg/kg p.o.). 

Baseline performance in the sustained attention task negatively correlated with the effect of 

MPH on performance (rs=−0.423, p<0.05). Animals that demonstrate low performance 

under basal conditions tend to show a greater response to MPH while animals with a higher 

baseline level of performance responded minimally to MPH treatment.
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Figure 3. 
Indices of baseline performance in the sustained attention task in two performance based 

groups. A. Vigilance Index (VI) - Dividing the animals based on the median VI revealed a 

significant difference. The low baseline group had a mean VI of 0.572 while the mean VI of 

high baseline group was 0.776. As expected, the two groups were significantly different 

(t(23)= −7.970, p<0.001]. B. Hit Rate - The hit rate is a measurement of a subject’s ability to 

successfully detect the presence of a stimulus. Hit rate is one of the two primary components 

of performance in the sustained attention task. The mean hit rate for the low baseline group 

was 67.1%, which was significantly lower than the mean hit rate for the high performance 

group, 87.4% (t(23)= −5.088, p<0.001). C. Correct Rejection Rate - A correct rejection is a 

successful detection of the absence of a stimulus. It is the other primary component of 

rewarded behavior in the sustained attention task. The average correct rejection rate of the 

low performance group (78.2%) was significantly lower than the average correct rejection 

rate of the high performance group (85.6%) (t(23)= −3.376, p<0.01). D. Omission Rate - An 

omission is the lack of a response on a trial. The rate of omissions for the low performance 

group (7.9%) was more than twice that of the high performance group (3.8%). These rates 

were significantly different from each other (t(23)= 2.764, p<0.05).

Chu et al. Page 21

Brain Res. Author manuscript; available in PMC 2017 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
The effect of various doses of MPH on performance in low and high performance groups. A 

range of MPH doses (2, 8, 16 mg/kg p.o.) were administered in each animal over multiple 

testing sessions. The low and high doses of did not affect performance in either group 

significantly. The moderate dose, which produces a clinically relevant blood plasma 

concentration comparable to that found in ADHD patients being treated with MPH, 

significantly improved performance in low baseline animals, but had no effect on high 

baseline animals [F(1,23)=9.190, p<0.01]. These results demonstrate a dose dependent and 

subject specific effect of MPH.
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Figure 5. 
A. The effect of baseline performance in the sustained attention task on set shifting 

performance. The high performance group required significantly fewer trials to criteria in the 

extra-dimensional shift compared to the low performance group [F(1,21)=13.758, p<0.001]. 

These data suggest that animals with better sustained attention may have better behavioral 

flexibility. B. The effect of MPH on low performance sustained attention animals in the set 

shifting task. MPH significantly decreased the number of trials to criteria in the extra-

dimensional shift in animals with a low baseline level of performance in the sustained 

attention task [F(1,21)=30.556, p<0.001]. C. The effect of MPH on high baseline sustained 

attention animals in the set shifting task. MPH significantly impaired performance in the set 

shifting task by increasing the number of trials to criteria in both the intra-dimensional 

[F(1,20)=19.563, p<0.001] and extra-dimensional stages [F(1,20)=17.401, p<0.001] in 

animals with a high baseline level of performance in the sustained attention task
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Figure 6. 
Effect of performance in the sustained attention task and MPH on the ratio of ED to ID trials 

to criteria. Comparing the trials to criteria in the ED shift compared to the number of trials in 

the ID shift is one way to compare performance in the set shifting task between groups. A 

lower value in this metric indicates greater behavioral flexibility. Overall, there was a 

significant decrease in the ED:ID ratio following treatment with MPH [F(1,21)=14.877, 

p<0.001]. A. The effect of performance group on ED to ID ratio. The high performance 

group showed greater behavioral flexibility compared to the low performance group 

[F(1,21)=14.877, p<0.001]. B. Baseline performance in the sustained attention task 

negatively correlated with performance in the set shifting task (rs=−0.751, p<0.001 

indicating animals with better vigilance have better behavioral flexibility. C. The effect of 

MPH on ED to ID ratio in the low performance group. There was a significant decrease in 

the ratio of ED to ID trials to criteria in the animals with a low baseline level of performance 

in the sustained attention task, indicating a significant drug-mediated increase in behavioral 

flexibility [t(11)=3.286, p<0.01]. D. The effect of MPH on the ED to ID ratio of the high 

performance group. MPH did not significantly change the ratio of trials to criteria [t(10)=

−0.344, p=0.738]. Even though there was an increase in the number of trials to criteria with 

MPH, there was a parallel increase in the trials to criteria in the intra-dimensional stage that 

mitigated the relative effect of the increase in the trials to criteria in the extra-dimensional 

stage.
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Table 1

Differences Between Low and High Baseline Performance Groups. The two performance based phenotypes 

differ across multiple dimensions of cognitive function.

These differences cannot be attributed to differences in sensory perception, visual acuity, or motor function.

Low Performance High Performance Significance

Baseline Vigilance Index (VI) 0.572 ± 0.019 0.776 ± 0.017 p<0.001

1000 ms Vigilance Index (VI) 0.522 ± 0.015 0.592 ± 0.0337 p<0.05

Sensitivity Index (d′) 1.62 ± 0.07 2.48 ± 0.11 p<0.001

Rate of Acquisition (1000 ms)(trials to criteria) 5.27 ± 0.50 5.40 ± 0.76 n.s.

Rate of Acquisition (15 ms)(trials to criteria) 6.36 ± 1.26 5.30 ± 1.05 n.s.

Motor Activity (beam breaks) 1740.94 ± 422.63 1807.85 ± 192.12 n.s.

Hit Rate 67.1% ± 2.5 84.9% ± 2.1 p<0.001

Correct Rejection Rate 78.2% ± 1.5 85.6% ± 1.5 p<0.01

Omission Rate 7.9% ± 1.1 3.8% ±0.9 p<0.05
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