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Abstract
Research examining medication effects on set shifting in teens with attention deficit/hyperactivity
disorder (ADHD) is lacking. An animal model of ADHD may be useful for exploring this gap.
The Spontaneously Hypertensive Rat (SHR) is a commonly used animal model of ADHD. SHR
and two comparator strains, Wistar-Kyoto (WKY) and Wistar (WIS), were evaluated during
adolescence in a strategy set shifting task under conditions of a 0-sec or 15-sec delay to reinforcer
delivery. The task had three phases: initial discrimination, set shift and reversal learning. Under 0-
sec delays, SHR performed as well as or better than WKY and WIS. Treatment with 0.3 mg/kg/
day atomoxetine had little effect, other than to modestly increase trials to criterion during set
shifting in all strains. Under 15-sec delays, SHR had longer lever press reaction times, longer
latencies to criterion and more trial omissions than WKY during set shifting and reversal learning.
These deficits were not reduced systematically by 1.5 mg/kg/day methylphenidate or 0.3 mg/kg/
day atomoxetine. Regarding learning in SHR, methylphenidate improved initial discrimination,
whereas atomoxetine improved set shifting but disrupted initial discrimination. During reversal
learning, both drugs were ineffective in SHR, and atomoxetine made reaction time and trial
omissions greater in WKY. Overall, WIS performance differed from SHR or WKY, depending on
phase. Collectively, a genetic model of ADHD in adolescent rats revealed that neither
methylphenidate nor atomoxetine mitigated all deficits in SHR during the set shifting task. Thus,
methylphenidate or atomoxetine monotherapy may not mitigate all set shift task-related deficits in
teens with ADHD.
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1. Introduction
Clinical studies in children, teens, and adults indicate that attention deficit/hyperactivity
disorder (ADHD) involves structural and functional abnormalities in frontostriatal and
cerebellar circuits [1–3]. Individuals of all ages afflicted with ADHD exhibit executive
function impairments that are related to abnormal activity of prefrontal cortex (PFC).
Specifically, deficits in attention, inhibitory control, working memory and set shifting have
been reported [4, 5]. Regarding set shifting, which is a measure of behavioral flexibility, the
stimulant drug methylphenidate has been shown to improve performance in children [6–8],
but see [9] and [10], but not in adults [5]. The non-stimulant drug atomoxetine has
differential effects on set shifting performance as well, with children responding better than
adults to treatment [8, 11–13]. Though research examining medication effects on set shifting
performance in teens with ADHD is lacking, the above data suggest that ADHD medications
may differ in effectiveness across developmental stages for improving set shifting. An
adolescent animal model of ADHD may be useful for exploring the gap in the literature with
respect to teens.

Since 1990, the inbred Spontaneously Hypertensive Rat (SHR) has been used as an animal
model of ADHD [11–14]. Behaviorally, adult SHR display impulsivity [15, 16], inattention
[17, 18], working memory impairment [19, 20] and set shifting deficits [19] relative to
Wistar-Kyoto (WKY) rats, the inbred comparator strain. It is important to note, however,
that these behavioral deficits are not observed consistently in adult SHR [21–23]. These
conflicting reports may relate to several factors, including the specific task used, whether
task requirements were easy or difficult, and whether the criterion accuracy levels were set
low or high.

Only a handful of studies have investigated the ADHD phenotype of adolescent SHR as it
pertains to performance on various PFC-related neurocognitive tasks. In a T-maze visual
discrimination task, adolescent SHR required more trials than WKY or Wistar (WIS), a
genetically-related outbred comparator strain, for forming an initial attentional set [24].
Performance in this task by the SHR was significantly improved after chronic treatment with
1.5 mg/kg oral (po) methylphenidate. In a more complex visual signal detection task,
adolescent SHR were not different from WKY with respect to accuracy across increasing
cue light durations when untreated [25]. After acute intraperitoneal (ip) treatment with 5.0
and 10 mg/kg methylphenidate, the SHR were significantly less impaired than WKY on
several measures in the signal detection task. Impulsivity also was greater in adolescent
SHR compared to WKY, and chronic treatment with 3.0 mg/kg (twice daily, ip)
methylphenidate significantly reduced the expression of this trait in the SHR [26]. In a
recent investigation of set shifting involving juvenile/periadolescent rats (P21–P35),
untreated SHR performed more poorly than WKY across all phases of the task, and chronic
treatment with 2.5 mg/kg methylphenidate (ip) significantly improved performance of the
SHR [27]. To date, set shifting in SHR when treated and tested exclusively throughout
adolescence (P28–P56) has not been evaluated. The adolescent age range is important to
target because there are dramatic surges in the development of brain structure and function
during this period, and therefore, the response to pharmacological agents may not be the
same during adolescence as compared to juvenile and adult developmental stages [28].
Therefore, the present study examined performance of adolescent SHR, WKY and WIS
strains using an automated strategy set shifting task similar in concept to the Wisconsin Card
Sorting Test [29]. The effects of chronic methylphenidate and atomoxetine treatments on
performance were evaluated.
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During the set shift and reversal learning phases of the task, behavioral flexibility is required
for reaching criterion levels of learning [29]. For set shifting, rats must shift attention from
one stimulus dimension (e.g., visual cue) to another (e.g., egocentric spatial cue). Previous
research indicates that the medial PFC, but not the orbital PFC, contributes to this form of
behavioral flexibility [29–32]. For reversal learning, the stimulus dimension does not
change, but rats must reverse an established response rule (e.g., respond on left rather than
right lever). This simpler form of behavioral flexibility requires the active functioning of the
orbital PFC, but not the medial PFC [30, 33, 34]. Given this dichotomy, it is possible that
the strategy set shifting task can be used to assess the functioning of different PFC
subregions in SHR relative to WKY and WIS comparator strains and to assess how
stimulant and non-stimulant drugs may alter the functioning of different PFC subregions
during adolescence.

2. Materials and Methods
2.1. Subjects

Male rats of the WKY/Cr, WIS/Cr, and SHR/Cr strains (Charles River Laboratories,
Wilmington, MA) arrived on postnatal day 25 (P25). They were individually housed in clear
plastic cages (24 cm × 22 cm × 20 cm) in a light (on at 08:00 and off at 20:00) and
temperature (21–23 °C) controlled vivarium. Access to water was provided ad libitum
between experimental sessions and rats were weighed daily Monday through Friday.
Beginning on P28, food was restricted to approximately 10–16 grams per day in order to
maintain body weight at no less than 85% of a growth adjusted ad libitum body weight
specific for each strain. Food restriction was used to motivate lever responding during the
strategy set shifting task that used food as the reinforcer. All experimental procedures were
conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals as
well as specific national laws.

2.2 Apparatus
The strategy set shifting task was conducted in operant chambers (model ENV-008CT, Med
Associates, St. Albans, VT). Each chamber was outfitted with two retractable levers, a
stimulus light above each lever, a food receptacle, a pellet dispenser and a house light. A
sound-attenuating cubicle, with an exhaust fan for ventilation, enclosed each chamber. A
computer that was programmed in Medstate Notation and connected to an interface (Med
Associates) controlled the experimental events.

2.3. Drugs
From P28 until the end of the study at P56, groups from each strain received drug or vehicle
treatment Monday through Friday to mimic the weekend “medication holiday” often
recommended for individuals with ADHD [35]. (±)-Methylphenidate hydrochloride (Sigma-
Aldrich, St. Louis, MO) was dissolved in tap water (1.5 mg/ml concentration) and injected
into an oyster cracker to attain a dose of 1.5 mg/kg for oral consumption. Oyster crackers
containing tap water (1.0 ml/kg) were used for vehicle control. The amount of time to
consume daily oyster crackers averaged < 3 min. A 1.5 mg/kg po dose of methylphenidate
ensured that therapeutically relevant plasma drug levels were achieved [36]. Atomoxetine
hydrochloride (Tocris Biosciences, Ellisville, MO) was dissolved in 0.9% sterile saline (0.3
mg/ml concentration) and injected ip to attain a dose of 0.3 mg/kg. The vehicle control
consisted of 0.9% sterile saline (1 ml/kg). A 0.3 mg/kg dose of atomoxetine was chosen to
selectively augment extracellular norepinephrine concentrations in PFC; doses higher than
0.3 mg/kg also augment extracellular dopamine concentrations in PFC [37]. An ip route of
administration was utilized due to poor bioavailability of oral atomoxetine in the rat [38]. On
days that the strategy set shifting task was conducted, the different groups of rats from each
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strain were treated either with po methylphenidate or po vehicle 30 min before the start of
sessions or with ip atomoxetine or ip vehicle 45 min before the start of sessions. These
pretreatment times ensured that brain monoamine levels peaked before the start of
behavioral sessions [36, 37].

2.4. Strategy Set Shifting Task Procedures
The operant version of the strategy set shifting task was used [29]. The task was divided into
four phases: habituation, initial discrimination, set shift and reversal learning. The
habituation phase was conducted between P31-P41 (Monday-Friday), and was used to train
rats to lever press for food reward within 10 sec of lever insertion and to establish a lever
position bias as previously described in detail [29]. Stimulus lights above the levers were not
illuminated during the habituation phase.

During the three experimental phases of the strategy set shifting task, which took place
between P42 and P56, each session was 2 hr in duration (Monday-Friday). Fixed session
lengths were used to standardize the amount of time that performance was evaluated after
drug or vehicle was administered and to reduce the influence of food satiation on motivation
to respond. For the initial discrimination, each trial was initiated with a 20 sec timeout
period in a darkened chamber. A randomly selected stimulus light was then illuminated,
starting 3 sec before the house light was turned on and the levers inserted into the chamber.
Within 10 sec of lever insertion, rats were required to press the lever that had the stimulus
light illuminated above it, regardless of the lever position bias, to earn a food pellet (visual
cue discrimination). Levers were retracted after a lever was pressed (correct or incorrect) or
if 10 sec elapsed without a lever press being made (trial omission). Following a correct lever
press and pellet delivery, the stimulus light remained illuminated for 4 sec. After an
incorrect lever press or an omitted trial, the stimulus light and house light were extinguished
immediately. The daily 2 hr sessions continued until the criterion was reached (eight
consecutive correct lever choices [29]). The next day, rats underwent a shift to a
discrimination that required the rat to press the lever that was opposite its lever position bias,
regardless of which stimulus light was illuminated to earn a food pellet (egocentric spatial
response discrimination). The daily 2 hr sessions continued until the criterion was reached
(ten consecutive correct choices [29]). The following day, reversal learning was examined
that required the rat to press the lever that was the same as its lever position bias, regardless
of which stimulus light was illuminated to earn a food pellet (reversal of egocentric spatial
response discrimination). The daily (Monday-Friday) 2 hr sessions continued until the
criterion was reached (ten consecutive correct choices [29]). The same trial contingencies as
outlined for the initial discrimination phase were in effect for the set shift and reversal
learning phases.

These procedures were used under two conditions for reinforcer delivery: a condition for
which a 0-sec delay was imposed between making a correct lever choice and food pellet
delivery and a condition for which a 15-sec delay was imposed between making a correct
lever choice and food pellet delivery. All other contingencies were identical, except that the
house light terminated with the stimulus light after a correct lever press under the 0-sec
delay and the house light remained illuminated until 4 sec following food pellet delivery
under the 15-sec delay. The 0-sec delay was used in Experiment 1 that examined the effects
of atomoxetine and its vehicle in WKY, WIS and SHR (n=8 per treatment and strain).
Experiment 2 was conducted under the 15-sec delay condition for which the effects of
methylphenidate (n=8–9 per strain) and its vehicle (n=8–10 per strain) and the effects of
atomoxetine (n=5–8 per strain) and its vehicle (n=7 per strain) were examined in WKY,
WIS and SHR. It was anticipated that the 15-sec delay version of the task would be more
difficult, with SHR performing worse than comparator strains [39]. The 15-sec delay might
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also better reveal improvements in performance after treatment with methylphenidate or
atomoxetine.

2.5. Data Analyses
The primary measures evaluated for each phase of the strategy set shifting task in
Experiments 1 and 2 were: trials to criterion, ratio of correct to incorrect lever choices,
number of omitted trials, latency to reach criterion, and average lever press reaction time.
The first and last measures did not include the trials for which the lever press was omitted in
order not to skew the data. Separate analyses for the number of correct and incorrect lever
choices were not performed because each measure is linearly related to the number of trials
conducted. The number of trials conducted depended on how many trials were needed by
individual rats to reach criterion. Thus, these two measures do not reflect the accuracy of
learning, as does the ratio of correct to incorrect lever choices. In experiment 2, a number of
secondary measures also were evaluated that pertain to the subtypes of errors made. Errors
during the set shift phase were examined in blocks of eight trials and consisted of
perseverative, regressive and never-reinforced errors [29, 40, 41]. A perseverative error was
recorded when a rat pressed the incorrect lever on six or more trials per block of eight trials.
Once a rat made five or fewer incorrect choices in a block of eight trials, the incorrect lever
choices were then scored as regressive errors. Never-reinforced errors were counted when a
rat pressed the incorrect lever on trials for which the correct lever had the stimulus light
illuminated above it. Errors during the reversal learning phase were examined in blocks of
sixteen trials and consisted of perseverative and regressive errors [34, 42]. After the first
block of 16 trials, if a rat made ten or more errors within the next block of sixteen trials, a
perseverative error was recorded. Following a pattern of fewer than ten errors within a block
of sixteen trials, errors were scored as regressive.

As there were no statistical differences between po vehicle and ip vehicle within each strain
for any of the primary measures across the three phases in Experiment 2, the data from the
vehicle conditions were combined to form a single vehicle control group for each strain.
Each dependent measure in both experiments was analyzed by a two-factor (strain x
treatment) ANOVA followed by post-hoc Tukey tests. Due to high variability in trials to
criterion, latency to criterion and trial omissions in Experiment 2, these data were square
root transformed prior to analysis.

3. Results
3.1. Experiment 1: Strategy Set Shifting with a 0-sec Delay

During the initial discrimination phase, strains differed in trials to criterion (F [2, 43] = 5.3,
p ≤ 0.01), trial omissions (F [2, 43] = 3.4, p ≤ 0.04) and latency to reach criterion (F [2, 43]
= 5.3, p ≤ 0.01), but not in accuracy ratio or reaction time (Table 1). Post-hoc tests for strain
indicated that SHR (p ≤ 0.01) and WKY (p ≤ 0.05) required fewer trials to learn the visual
cue discrimination than WIS. SHR and WKY also had shorter latencies to reach criterion
than WIS (p ≤ 0.01 and 0.04, respectively) during the initial discrimination phase. In
addition, SHR made fewer trial omissions than WIS (p ≤ 0.05) and did not differ from WKY
for the trials to criterion, latency to reach criterion or trial omissions measures. During the
set shift phase, significant main effects of strain (F [2, 43] = 4.3, (p ≤ 0.02) and treatment (F
[2, 43] = 4.2, (p ≤ 0.05) were found for trials to criterion (Table 1). Also, a significant main
effect of strain was found for latency to reach criterion (F [2, 43] = 3.7, (p ≤ 0.03). Post-hoc
tests for strain indicated that fewer trials were required by SHR compared to WKY (p ≤
0.03) and WIS (p ≤ 0.05). In addition, SHR had a shorter latency to reach criterion than WIS
(p ≤ 0.05). Post-hoc tests for treatment indicated that, overall, more trials were required with
atomoxetine treatment compared to vehicle treatment for learning the egocentric spatial
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response discrimination (p ≤ 0.05). No significant strain or treatment differences were found
for accuracy ratio, reaction time or trial omissions during the set shift phase. Lastly, during
the reversal learning phase, strains differed in trial omissions (F [2, 43] = 5.5, p ≤ 0.01), but
not in trials to criterion, accuracy ratio, reaction time or latency to reach criterion (Table 1).
Post-hoc tests for strain indicated that SHR and WKY made fewer trial omissions than WIS
(p ≤ 0.01 and 0.03, respectively). SHR did not differ from WKY for trial omissions.

3.2. Experiment 2: Strategy Set Shifting with a 15-sec Delay
Across the three phases, adolescent rats of each strain found the 15-sec delay version of the
strategy set shifting task more difficult to learn than the 0-sec delay version of the task (231
vs. 108 trials to criterion, on average), and omitted more trials with the 15-sec delay than the
0-sec delay (135 vs. 2 trial omissions, on average). Furthermore, all rats found the
egocentric spatial response discrimination and its reversal easier to learn than the visual cue
discrimination under the 0-sec (56 and 69 vs. 206 trials to criterion, on average) and 15-sec
(100 and 125 vs. 428 trials to criterion, on average) delay conditions.

3.2.1. Initial Discrimination Phase—Data obtained during the initial discrimination
phase are displayed in Figure 1. Analysis of trials to criterion showed a significant strain X
treatment interaction (F [4, 82] = 5.4, p ≤ 0.001). Post-hoc tests between strains for each
treatment revealed that in vehicle-treated rats, SHR and WIS required fewer trials to reach
criterion than WKY (p ≤ 0.001 and 0.03, respectively). In methylphenidate-treated rats, SHR
reached criterion in fewer trials than WKY (p ≤ 0.02) and WIS (p ≤ 0.01). In atomoxetine-
treated rats, strains were not significantly different for this measure, though there was a
trend for atomoxetine-treated SHR to require more trials than atomoxetine-treated WIS (p ≤
0.08). Post-hoc tests between treatments for each strain revealed that atomoxetine-treated
WKY required fewer trials than vehicle-treated WKY (p ≤ 0.01), atomoxetine-treated WIS
required fewer trials than methylphenidate-treated WIS (p ≤ 0.03), and atomoxetine-treated
SHR required more trials than methylphenidate-treated SHR (p ≤ 0.04). For the accuracy
ratio, the strain X treatment interaction also was significant (F [4, 82] = 2.6, p ≤ 0.05). Post-
hoc tests between strains for each treatment revealed that in methylphenidate-treated rats,
SHR had a higher accuracy ratio than WKY (p ≤ 0.05) and WIS (p ≤ 0.03). In vehicle-
treated and atomoxetine-treated rats, strains did not differ significantly for this measure.
Post-hoc tests between treatments for each strain revealed that atomoxetine-treated SHR had
a lower accuracy ratio than methylphenidate-treated SHR (p ≤ 0.05) and a trend for vehicle-
treated SHR to have a lower accuracy ratio than methylphenidate-treated SHR (p ≤ 0.06).
For the reaction time measure, there was a significant main effect of strain (F [2, 82] = 7.0, p
≤ 0.002). Post-hoc tests showed that, overall, SHR and WIS had longer reaction times than
WKY (p ≤ 0.002 and 0.01, respectively). Analysis of trial omissions revealed a significant
strain X treatment interaction (F [4, 82] = 2.9, p ≤ 0.03). Post-hoc tests between strains for
each treatment showed no significant strain differences in vehicle-treated rats, but revealed
fewer trial omissions in methylphenidate-treated SHR than methylphenidate-treated WIS (p
≤ 0.02) and more trial omissions in atomoxetine-treated SHR than atomoxetine-treated
WKY (p ≤ 0.05). Within each strain, post-hoc tests showed that treatments were not
significantly different, though trends were evident between atomoxetine and
methylphenidate treatments. Specifically, in SHR there were fewer omissions with
methylphenidate than atomoxetine treatment (p ≤ 0.08) and in WIS there were fewer
omissions with atomoxetine than methylphenidate treatment (p ≤ 0.0 8). Lastly, analysis of
latency to reach criterion revealed a significant strain X treatment interaction (F [4, 82] =
4.3, p ≤ 0.0 03). Post-hoc tests (Table 3) showed that vehicle-treated SHR required less time
than vehicle-treated WKY (p ≤ 0.05), methylphenidate-treated SHR required less time than
methylphenidate-treated WIS (p ≤ 0.01) or atomoxetine-treated SHR (p ≤ 0.04), and
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atomoxetine-treated WKY required less time than vehicle-treated WKY (p ≤ 0.03) to reach
criterion.

3.2.2. Set Shift Phase—Data obtained during the set shift phase are displayed in Figure
2. Analysis of trials to criterion revealed no strain or treatment differences, indicating that
the speed of learning the egocentric spatial response discrimination was the same in WKY,
WIS and SHR, as well as after vehicle, methylphenidate and atomoxetine treatments. There
was a trend for a strain X treatment interaction for the accuracy ratio (F [4, 82] = 2.4, p ≤
0.06), and Tukey tests revealed that atomoxetine-treated SHR performed more accurately
than vehicle-treated (p ≤ 0.03) and methylphenidate-treated (p ≤ 0.02) SHR. For reaction
time, there was a significant main effect of strain (F [4, 82] = 13.4, p ≤ 0.001). Post-hoc tests
showed that, overall, SHR had longer reaction times than WKY (p ≤ and WIS (p ≤ 0.003).
Analysis of trial omissions revealed a significant strain X treatment interaction (F [4, 82] =
4.3, p ≤ 0.003). Post-hoc tests between strains for each treatment showed that in vehicle-
treated rats, SHR and WIS had more trial omissions than WKY (p ≤ 0.001 and 0.01,
respectively). In methylphenidate-treated rats, SHR had more trial omissions than WKY (p
≤ 0.01) and a trend for more trial omissions than WIS (p ≤ 0.06). In atomoxetine-treated
rats, no strain differences in trial omissions were apparent. However, post-hoc tests between
treatments for each strain revealed that there were fewer trial omissions in atomoxetine-
treated SHR than vehicle-treated SHR (p ≤ 0.001) and methylphenidate-treated SHR (p ≤
0.04). Lastly, analysis of latency to reach criterion revealed a significant strain X treatment
interaction (F [4, 82] = 3.0, p ≤ 0.02). Post-hoc tests (Table 3) showed that vehicle-treated
SHR required more time than vehicle-treated WKY (p ≤ 0.02), methylphenidate-treated
SHR required more time than methylphenidate-treated WIS (p ≤ 0.05), atomoxetine-treated
SHR required less time than vehicle-treated SHR (p ≤ 0.01) or methylphenidate-treated SHR
(p ≤ 0.05), and methylphenidate-treated WIS required less time than vehicle-treated WIS (p
≤ 0.03) to reach criterion.

The analysis of error subtypes during the set shift phase revealed no significant strain or
treatment differences in the number of perseverative, regressive or never-reinforced errors
(Table 2). This suggests than the higher accuracy ratio (correct to incorrect lever choices) in
atomoxetine-treated SHR during the set shift phase was not due to proportionately fewer
errors being made, but to a proportionately greater number of correct lever choices being
made. Overall, rats made more regressive and never-reinforced errors than perseverative
errors during the set shift phase.

3.2.3. Reversal Learning Phase—Data obtained during the reversal learning phase are
displayed in Figure 3. Although analysis of trials to criterion revealed no strain or treatment
differences, analysis of accuracy ratio revealed a significant main effect of strain (F [2, 82] =
7.1, p ≤ 0.001). Post-hoc tests showed that, overall, SHR had higher accuracy ratios than
WKY (p ≤ 0.001) and WIS (p ≤ 0.003). For reaction time, there was a significant strain X
treatment interaction (F [2,82] = 3.4, p ≤ 0.01). Post-hoc tests between strains for each
treatment revealed that in vehicle-treated rats, SHR had longer reaction times than WKY (p
≤ 0.001) and WIS (p ≤ 0.02), and in methylphenidate-treated rats, SHR had longer reaction
times than WKY (p ≤ 0.05). There were no strain differences in atomoxetine-treated rats.
Post-hoc tests between treatments for each strain revealed that atomoxetine-treated WKY
had longer reaction times than vehicle-treated and methylphenidate-treated WKY (p ≤ 0.003
and 0.01, respectively). In SHR and WIS, the effects of methylphenidate and atomoxetine on
reaction time did not significantly differ from vehicle. Analysis of trial omissions revealed a
significant main effect of strain (F [2, 82] = 3.9, p ≤ 0.02). Post-hoc tests showed that,
overall, SHR had more trial omissions than WKY (p ≤ 0.02). Though the strain X treatment
interaction was not significant (F [2, 82] = 1.9, p ≤ 0.11), Tukey tests revealed that
atomoxetine-treated WKY had more trial omissions than vehicle-treated and
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methylphenidate-treated WKY (p ≤ 0.03 and 0.02, respectively). Furthermore, vehicle-
treated SHR had more trial omissions than vehicle-treated WKY (p ≤ 0.001). Lastly,
analysis of latency to reach criterion revealed a trend for strain differences (F [4, 82] = 2.8, p
≤ 0.06). Tukey tests revealed that, overall, SHR required more time than WKY (p ≤ 0.05) to
reach criterion (Table 3).

Analysis of error subtypes during the reversal learning phase revealed no significant strain
or treatment differences in the number of perseverative or regressive errors (Table 2). This
suggests than the higher accuracy ratio in the SHR during the reversal learning phase was
likely due to a proportionately greater number of correct lever choices being made. Overall,
rats made more perseverative errors than regressive errors during the reversal learning
phase.

4. Discussion
4.1. Strain and Age Comparisons in the Strategy Set Shifting Task

In the current investigation, the order of discrimination difficulty as measured by trials to
criterion (initial visual cue discrimination > reversal of the response discrimination >
response discrimination) is similar to that reported in adult Sprague Dawley (SD) rats [43],
but different from the order of discrimination difficulty (reversal of the response
discrimination > response discrimination > initial visual cue discrimination) reported in
adult Long Evans rats [29, 44] using the same operant version of the strategy set shifting
task. Long Evans rats have been suggested to have a preexisting bias toward using a visual
cue strategy [29]. These strain differences in the order of discrimination difficulty may
reflect visual acuity disparity in pigmented (Long Evans) vs. albino (SHR, WKY, WIS and
SD) rats, which can impact behavioral performance in vision-dependent tasks [45].

During the set shift and reversal learning phases, the number of trials to criterion under the
0-sec delay condition in adolescent rats (56 and 69 trials, respectively) was within the range
reported for adult SD rats also tested under a 0-sec delay (approximately 65 and 80 trials,
respectively; [43]). Under the 15-sec delay condition, the number of trials to criterion during
these two phases in adolescent rats (100 and 125 trials, respectively) was within the range
reported for the adult Long Evans rats that were tested under a 0-sec delay (approximately
85 and 110 trials, respectively; [29, 44]). The only robust age difference was during the
initial visual cue discrimination for which the number of trials to criterion was
approximately 2 to 3.5-fold greater in adolescent rats than adult Long Evans and SD rats
under identical 0-sec delay conditions. In all phases, imposing a 15-sec delay between
making a correct lever choice and reinforcer delivery was associated with higher numbers of
trial omissions, particularly in the SHR. When the 0-sec delay was used in adolescent rats,
very few omissions were observed, as in adult rats of other strains. Of relevance to age
differences is a recent study in adult and adolescent Long Evans rats involving an attentional
set shifting task (digging in a scented-medium cup for a hidden reward). Adolescents
required more trials than adults to reach the learning criterion during the extradimensional
shift and reversal learning phases in addition to the initial compound discrimination phase
[46]. Thus, how age and strain impact set shifting task performance in rodent models may
depend in part on the specific task design and task requirements.

In the present investigation, performance of the WIS strain in the strategy set shifting task
warrants separate consideration. Under the 0-sec delay condition, the performance of WIS
was poorer than WKY and SHR for several measures. Under the more difficult 15-sec delay
condition, vehicle-treated WIS performed similarly to vehicle-treated SHR during the initial
discrimination and set shift phases, and performed similarly to vehicle-treated WKY during
the reversal learning phase. Past research in adult rats has shown that WIS performed similar
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to WKY and different from SHR when reinforcement rates were low in a task used to
measure operant hyperactivity [47]. In a test of non-habituated open-field behavior,
however, WIS performed similar to SHR and different from WKY [48]. Other studies report
no differences between WIS and SHR, or better performance in SHR than WIS, in an
attentional set shifting task that involved digging in a scented-medium cup for a hidden
reward [22]. Lastly, in adolescent rats, WIS performance in a T-maze visual discrimination
task was at a level between that of SHR and WKY [24]. Collectively, these findings suggest
that WKY may be a more consistent and appropriate comparator strain than WIS for
evaluating strategy set shifting task performance in SHR and for exploring the impact of
ADHD medications.

4.2. Strain Differences in the Strategy Set Shifting Task under Vehicle Treatment
Under the 0-sec delay condition, no behavioral deficits were detected across the three
discrimination phases of the strategy set shifting task in vehicle-treated SHR. In fact, SHR
performed as well as or better than (e.g., during the set shift phase) the vehicle-treated WKY
and WIS. These findings are consistent with studies showing that operant performance in
SHR is similar to or better than WKY when reinforcers are immediate or frequent [39, 49].
Our findings also are in line with a laboratory study in children with ADHD showing that
inattention is not apparent if reinforcers are given frequently [50]. When reinforcer delivery
is delayed, operant performance deteriorates more rapidly in SHR than WKY [39,49] and
attentional impairment is more obvious in children with ADHD [50].

Under the 15-sec delay condition in the present investigation, strain differences emerged.
The deficits observed in vehicle-treated SHR were not of the type related to speed or
accuracy of learning, but were related to reaction time, trial omissions and latency to reach
criterion. In the vehicle-treated SHR, reaction time was longer during all three
discrimination phases, and trial omissions and latency to reach criterion were greater during
the set shift and reversal learning phases compared to vehicle-treated WKY. Thus, deficits
were more extensive when SHR were required to behave flexibly under the 15-sec delay
condition. During the initial (visual cue) discrimination phase with the 15-sec delay, vehicle-
treated SHR reached criterion in fewer trials and with a shorter latency than vehicle-treated
WKY. It is unlikely that SHR have a preexisting bias toward using a visual cue strategy
compared to WKY, as SHR have poorer visual acuity than WKY [51] and do not perform
better than WKY during acquisition of an initial attentional set in a T-maze visual
discrimination task [24]. Rather, these findings may reflect a tendency for SHR, under
discrete trial/delayed reinforcement conditions, to more readily select a lever associated with
reinforcement than WKY during a phase of testing that does not require a complex form of
behavioral flexibility [29]. This idea is supported by findings showing that SHR are less
likely than WKY to extinguish previously reinforced lever responses [52].

Under the 0-sec delay condition, reaction time, trial omissions and latency to reach criterion
in vehicle-treated SHR were not different from vehicle-treated WKY across the
discrimination phases, suggesting that the deficits in these measures during the set shift and
reversal learning phases under the 15-sec delay condition do not reflect a general motor
impairment in SHR. Moreover, discrete trials were used during testing, allowing only a
single lever press. Thus, an opportunity to display operant hyperactivity (high frequency
responding) or impulsivity (responses with short inter-response times) was eliminated by
this design under both delay conditions. It is more likely that longer reaction times, greater
numbers of trial omissions, and longer latencies to reach criterion during set shift and
reversal learning phases under the more difficult 15-sec delay condition are indicative of
attentional or executive function weaknesses in SHR, when required to behave flexibly. In
tests of sustained attention, SHR have robust and substantial deficits compared to WKY
under more difficult testing conditions [17, 53]. Furthermore, poorer sustained attention
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under more difficult testing conditions was accompanied by longer reactions times and
greater numbers of trial omissions in Long Evans rats [54]. Compared to controls, children
with ADHD were shown to exhibit longer reaction time or increased reaction time
variability across cognitive tasks measuring a range of attentional and executive function
domains [55]. Longer reaction times in children with ADHD are suggested to represent
attentional lapses [56] or dysfunctional reward-related decision-making [57], but not
motivational deficits [58]. During the Wisconsin Card Sorting Test, teens with ADHD
complete fewer categories than controls, consistent with a profile of attentional-executive
impairment [4], [59]. Sagvolden [60] argues that the core symptoms of ADHD, including
inattention, hyperactivity and impulsivity, may be related to a shorter delay-of-
reinforcement gradient, as observed in SHR and individuals with ADHD [49, 61]. A reward
has a smaller reinforcing effect as the delay between a response and reward delivery
increases, and such dynamics may contribute to the emergence of attentional and executive
function impairments associated with ADHD.

4.3. Medication Effects in the Strategy Set Shifting Task
4.3.1. Atomoxetine—Under the 0-sec delay condition, atomoxetine had little effect
except to increase the number of trials needed to reach criterion in all strains during the set
shift phase, though the difference from vehicle treatment was modest (63 vs. 51 trials, on
average). Effects of atomoxetine were more striking under the 15-sec delay condition.
Relative to vehicle or methylphenidate, treatment with atomoxetine increased the speed of
learning in WKY and WIS, but slowed the speed of learning in SHR during the initial
discrimination phase. During this initial phase of testing, atomoxetine also caused SHR to
omit more trials and did not reverse the reaction time deficits in SHR. During the set shift
phase, atomoxetine had no influence on the speed of learning in any strain. However, in
SHR, atomoxetine improved the accuracy of learning, reduced the number of trial omissions
and decreased the latency to reach criterion compared to vehicle and methylphenidate
treatments. Atomoxetine had no effects on any measure in WKY and WIS during this
second phase of testing. During the reversal learning phase, atomoxetine was ineffective in
SHR, as it did not reverse the longer reaction time, the longer latency to reach criterion and
the greater number of trial omissions observed in vehicle-treated SHR. The fact that not
every measure that was impaired in vehicle-treated SHR was improved after atomoxetine
treatment should not be construed as a weakness in the animal model. Even in children and
adults with ADHD, not every executive function deficit is improved by atomoxetine
treatment [12, 62]. Also, during the reversal learning phase, atomoxetine lengthened reaction
time and increased the number of trial omissions in WKY compared to vehicle or
methylphenidate treatment. These effects in WKY are in line with the lengthened reaction
time and increased delay aversion observed in Long Evans rats chronically treated with
atomoxetine during adolescence and given an acute atomoxetine challenge [63].

As previous research indicates that the medial PFC, but not the orbital PFC, is required for
set shifting [29–32], our findings suggest that atomoxetine has greater capacity for
improving the functioning of the medial than orbital PFC in SHR. In an analysis of PFC
subregions of adolescent rats, however, mRNA for the norepinephrine transporter and
several markers of synaptic plasticity (e.g., BDNF mRNA) have been shown to change in
orbital, but not medial PFC, after chronic atomoxetine treatment [63]. Furthermore, imaging
studies in adult rats showed that changes in the BOLD response within the PFC were
restricted to the orbital subregion after acute treatment with atomoxetine [64]. An important
distinction regarding these studies is that the rats (SD or Long Evans) were not strains
exhibiting an ADHD phenotype. As indicated by Heal and colleagues [65, 66], no in vivo or
in vitro analyses of medial vs. orbital PFC have yet been reported in SHR after acute or
chronic atomoxetine treatment. Biochemical or imaging studies are needed to confirm if
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there is a greater influence of atomoxetine in medial vs. orbital PFC of adolescent SHR and
if this profile differs from that in adolescent WKY.

4.4.2. Methylphenidate—The beneficial effects of methylphenidate on learning in SHR
were restricted to the initial discrimination phase when methylphenidate improved the speed
and accuracy of learning relative to WKY and WIS under the 15-sec delay. This result is
consistent with our earlier findings showing methylphenidate treatment in adolescent SHR
improved acquisition of an initial attentional set in a T-maze visual discrimination task [24].
Acquiring an attentional set is thought to depend on catecholamine projections to the PFC
[67]. Methylphenidate may improve learning during the initial discrimination phase in SHR
by blocking norepinephrine and dopamine reuptake into nerve terminals in PFC. Relative to
comparator strains, untreated SHR have smaller basal release of norepinephrine [66] and
smaller electrically-stimulated release of dopamine [68] in PFC. Thus, methylphenidate
treatment may normalize these neurochemical deficits to improve learning [69]. The
learning improvement in SHR, but not WKY or WIS, during the initial discrimination phase
in response to chronic methylphenidate treatment may be related to the opposing strain
differences we reported for maximal velocity (Vmax) of dopamine uptake by the dopamine
transporter in whole PFC [24]. Vmax was significantly decreased in SHR and significantly
increased in WKY and WIS after chronic methylphenidate treatment. Notably, the
improvement in initial discrimination learning in SHR was observed without
methylphenidate treatment significantly impacting the deficit in reaction time, suggesting
some attentional or executive function impairment remains after treatment. During the set
shift and reversal learning phases in SHR, methylphenidate did not prevent the deficits in
reaction time, latency to reach criterion, and trial omissions. Nor did methylphenidate
enhance the speed or accuracy of learning in SHR. In children with ADHD, an effective
response to methylphenidate in the domains of attention and executive function can be
variable, and in some cases, not demonstrated [70].

One possible explanation for the differential effects of chronic methylphenidate on learning
during initial vs. latter phases is the development of drug tolerance later in the testing
sequence. In support of this view, methylphenidate challenge after chronic methylphenidate
treatment has been shown to induce tolerance to drug-induced increases in the firing rates of
PFC neurons in rats [71]. However, tolerance may not be an issue, as acute methylphenidate
does not consistently improve performance during set shifting assessments in children with
ADHD [9]. Recently, it has been suggested that set shifting in rats displays a narrow
sensitivity to the beneficial actions of acute methylphenidate, with an intermediate dose (2.0
mg/kg ip) improving performance to a greater extent than a low (0.5 mg/kg ip) or high (4.0
mg/kg ip) dose [72]. Thus, another possible explanation for the differential effects of chronic
methylphenidate during initial vs. latter phases of the strategy set shifting task in SHR
relates to the dose of methylphenidate employed. Although 1.5 mg/kg po methylphenidate is
a clinically relevant dose [36], it may be too low for improving behavioral flexibility in
SHR, while it is a sufficient dose for improving working memory and initial discrimination
learning in SHR [19, 24, present findings].

In imaging studies in adult SD rats, acute methylphenidate treatment was shown to increase
the BOLD response in orbital PFC, but to decrease it in medial PFC [73]. This result is
interesting because the profile for the acute effects of methylphenidate on neural activity
within the PFC is different from the acute effects of atomoxetine [64]. These differences in
neural activation may explain the contrasting effects of methylphenidate vs. atomoxetine
during the strategy set shifting task, at least in the adolescent WKY that does not exhibit an
ADHD phenotype. Other studies measuring BDNF mRNA in whole PFC of adolescent SHR
vs. WKY showed chronic atomoxetine increased and chronic methylphenidate decreased
expression, suggesting these two ADHD medications would have different effects on
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neuroplasticity and PFC-related neurocognitive functions in SHR [74]. As with atomoxetine,
neurochemical and imaging analyses of medial vs. orbital PFC after chronic
methylphenidate in SHR are lacking. Such studies are needed to explain more fully the
differences between these two ADHD medications in adolescent SHR during different
phases of the strategy set shifting task.

5. Conclusions
Using a genetic model of ADHD in adolescent rats, neither methylphenidate nor
atomoxetine mitigated all deficits in SHR during the strategy set shifting task with the 15-
sec delay. Longer reaction times, longer latencies to reach criterion and greater numbers of
trial omissions were still evident after drug treatments. In addition, the profile for learning
improvements in SHR after methylphenidate (during the initial discrimination phase) vs.
atomoxetine (during the set shift phase) was different. Moreover, the influence of drug
treatment in SHR was in opposite directions during the initial discrimination phase
(improvement in learning after methylphenidate and disruption in learning after
atomoxetine). These findings suggest that teens with ADHD may not receive complete
symptomatic relief of attentional and executive function impairment with either
methylphenidate or atomoxetine monotherapy. Instead, these findings suggest that combined
treatment with atomoxetine and methylphenidate may provide additional advantages, a
possibility that has been suggested by open label clinical trials [75] and case studies [76, 77].
Moreover, whether the alternative stimulant drug amphetamine produces the same profile as
methylphenidate during the strategy set shifting task in adolescent SHR is unknown.
Although both amphetamine and methylphenidate increase extracellular concentrations of
dopamine and norepinephrine, the underlying mechanism for this effect is different, with
amphetamine reversing plasma membrane monoamine transporters and methylphenidate
blocking the transporters [78–80]. Consequently, the effects of chronic treatment with
amphetamine and methylphenidate on strategy set shifting in adolescent SHR might be the
same or potentially different. Along these lines, previous research in peri-adolescent rhesus
monkeys showed that chronic treatment with either methylphenidate or amphetamine failed
to improve performance during the extradimensional shift phase of an attentional set shifting
task [81]. One caveat of this study is that the animals were healthy normal monkeys not
intended to model the ADHD population. Thus, studies evaluating amphetamine
monotherapy as well as combination treatments warrant investigation in the adolescent SHR
model of ADHD. This preclinical work may help inform treatment decisions for teens with
ADHD. Our current and past research suggests that methylphenidate monotherapy may not
be the best choice. Although adolescent treatment with methylphenidate improved some
aspects of the strategy set shifting task in SHR, vulnerability to cocaine addiction was
further increased during adulthood in SHR, but not in WKY or WIS, after methylphenidate
treatment was discontinued [24].
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Highlights

• Unmedicated SHR took longer to reach criterion during set shifting and reversal
learning

• Methylphenidate increased learning speed in SHR during the initial
discrimination

• Atomoxetine slowed learning speed in SHR during the initial discrimination

• Atomoxetine increased learning accuracy in SHR during set shifting

• Neither drug modified learning speed or accuracy in SHR during reversal
learning
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Figure 1.
Mean ± SEM trials to criterion, accuracy ratio, reaction time (sec) and trial omissions during
the initial discrimination phase in adolescent WKY, WIS and SHR treated with vehicle,
methylphenidate or atomoxetine under conditions of a 15-sec delay for reinforcer delivery. §
p ≤ 0.05 compared to WKY overall; ^ p ≤ 0.05 compared to identical treatment in WKY; **
p ≤ 0.05 compared to identical treatment in SHR; ^^ p ≤ 0.05 compared to identical
treatment in both other strains; * p ≤ 0.05 compared to vehicle treatment in the same strain;
+ p ≤ 0.05 compared to methylphenidate treatment in the same strain.
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Figure 2.
Mean ± SEM trials to criterion, accuracy ratio, reaction time (sec) and trial omissions during
the set shift phase in adolescent WKY, WIS and SHR treated with vehicle, methylphenidate
or atomoxetine under conditions of a 15-sec delay for reinforcer delivery. §§ p ≤ 0.05
compared to both other stains overall; ^ p ≤ 0.05 compared to identical treatment in WKY;
** p ≤ 0.05 compared to both other treatments in the same strain.
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Figure 3.
Mean ± SEM trials to criterion, accuracy ratio, reaction time (sec) and trial omissions during
the reversal learning phase in adolescent WKY, WIS and SHR treated with vehicle,
methylphenidate or atomoxetine under conditions of a 15-sec delay for reinforcer delivery. §
p ≤ 0.05 compared to WKY overall; §§ p ≤ 0.05 compared to both other stains overall; ^ p ≤
0.05 compared to identical treatment in WKY; ^^ p ≤ 0.05 compared to identi cle treatment
in both other strains; ** p ≤ 0.05 compared to both other treatments in the same strain.
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Table 1

Strategy set shifting performance under the 0-sec delay condition after vehicle (VEH) and atomoxetine (ATO)
treatment in adolescent WKY, WIS and SHR. Values are the mean ± SEM.

Phase Strain Treatment Trials to Criterion Accuracy Ratio Reaction Time (sec) Trial Omissions Latency
to
Criterion
(min)

Initial Discrimination WKY VEH 194 ± 57 1.5 ± 0.1 1.1 ± 0.1 1.4 ± 0.6 86 ± 25

ATO 192 ± 63 1.4 ± 0.01 1.0 ± 0.1 2.3 ± 0.8 87 ± 28

WIS VEH 268 ± 97 ** 1.6 ± 0.3 1.2 ± 0.1 15 ± 10 * 127 ± 47
**

ATO 484 ± 120 ** 1.4 ± 0.3 0.8 ± 0.2 9 ± 6 * 214 ± 53
**

SHR VEH 156 ± 38 1.8 ± 0.2 1.1 ± 0.1 0.3 ± 0.2 70 ± 17

ATO 134 ± 37 1.5 ± 0.1 1.1 ± 0.1 0.9 ± 0.4 60 ± 17

Set Shift WKY VEH 57 ± 7 3.1 ± 0.8 0.5 ± 0.2 0.4 ± 0.2 25 ± 3

ATO 70 ± 7 ^ 2.0 ± 0.3 0.9 ± 0.1 1.0 ± 0.7 31 ± 3

WIS VEH 59 ± 7 2.0 ± 0.3 1.2 ± 0.4 4.5 ± 2.2 29 ± 4 *

ATO 66 ± 8 ^ 1.9 ± 0.3 0.7 ± 0.2 0.3 ± 0.3 29 ± 4 *

SHR VEH 36 ± 7 ** 3.8 ± 1.0 0.9 ± 0.4 2.5 ± 2.2 17 ± 3

ATO 53 ± 7 ^** 2.2 ± 0.3 1.1 ± 0.1 0.1 ± 0.1 24 ± 3

Reversal Learning WKY VEH 74 ± 12 1.5 ± 0.1 0.7 ± 0.1 0.2 ± 0.1 33 ± 5

ATO 79 ± 14 2.4 ± 1.4 0.9 ± 0.1 0.1 ± 0.1 34 ± 6

WIS VEH 81 ± 10 1.4 ± 0.1 0.8 ± 0.2 0.9 ± 0.3 ** 36 ± 4

ATO 72 ± 14 1.5 ± 0.2 0.8 ± 0.2 1.1 ± 0.7 ** 32 ± 6

SHR VEH 47 ± 6 2.1 ± 0.4 0.8 ± 0.1 0.1 ± 0.1 21 ± 3

ATO 59 ± 9 1.7 ± 0.2 0.9 ± 0.1 0.0 ± 0.0 26 ± 4

**
p ≤ 0.05 compared to both other strains overall;

*
p ≤ 0.05 compared to the SHR strain overall.;

^
p ≤ 0.05 compared to vehicle treatment overall.
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Table 2

Subtypes of errors made during the strategy set shifting task under the 15-sec delay condition after vehicle
(VEH), methylphenidate (MPH) and atomoxetine (ATO) treatment in adolescent WKY, WIS and SHR.
Values are the mean ± SEM.

Set Shift Phase Reversal Learning Phase

Strain Treatment Perseverative Regressive Never Reinforced Perseverative Regressive

WKY

VEH 2.5 ± 0.6 19.6 ± 8.7 21.5 ± 4.8 40.9 ± 10.0 31.1 ± 14.5

MPH 2.5 ± 0.5 23.4 ± 2.4 24.6 ± 3.3 19.4 ± 4.3 28.6 ± 7.5

ATO 2.5 ± 0.4 14.83 ± 2.6 18.5 ± 3.5 40.8 ± 13.7 24.5 ± 6.7

WIS

VEH 2.6 ± 0.8 14.9 ± 3.0 18.9 ± 3.8 44.9 ± 12.8 32.3 ± 6.9

MPH 2.0 ± 0.4 12.4 ± 3.3 12.3 ± 2.3 48.1 ± 12.0 23.4 ± 8.8

ATO 2.2 ± 1.0 14.8 ± 2.5 17.8 ± 1.7 53.0 ± 10.4 27.2 ± 5.1

SHR

VEH 3.1 ± 0.6 19.8 ± 3.6 10.9 ± 4.2 43.2 ± 14.4 39.5 ± 6.4

MPH 2.2 ± 0.6 18.9 ± 3.9 22.6 ± 5.0 24.3 ± 8.1 33.6 ± 5.8

ATO 2.3 ± 0.5 14.4 ± 3.1 15.9 ± 4.0 27.6 ± 7.8 35.5 ± 5.6
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Table 3

Latency (min) to reach criterion during the strategy set shifting task under the 15-sec delay condition after
vehicle (VEH), methylphenidate (MPH) and atomoxetine (ATO) treatment in adolescent WKY, WIS and
SHR. Values are the mean ± SEM.

Strain Treatment Initial Discrimination Set Shift Reversal Learning

WKY

VEH 537 ±79 71 ± 17 94 ± 28

MPH 449 ± 99 62 ± 12 56 ± 6

ATO 270 ± 170* 75 ± 11 165 ± 45

WIS

VEH 407 ± 64 114 ± 14 117 ± 23

MPH 645 ± 106 46 ± 12 * 144 ± 29

ATO 293 ± 158 99 ± 17 139 ± 36

SHR

VEH 308 ± 74 ^ 132 ± 16 ^ 189 ± 26 #

MPH 209 ± 91 ^^§ 108 ± 25 ^^ 110 ± 15 #

ATO 536 ± 117 50± 15 ** 195 ± 57 #

*
p < 0.05 compared to VEH in same strain

§
p < 0.05 compared to ATO treatment in same strain

**
p < 0.05 compared to both other treatments in same strain

^
p < 0.05 compared to same treatment in WKY

^^
p < 0.05 compared to same treatment in WIS

#
p < 0.05 compared to WKY overall
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