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Abstract
Several studies have examined impulsive choice behavior in spontaneously hypertensive rats
(SHRs) as a possible pre-clinical model for Attention-Deficit/Hyperactivity Disorder (ADHD).
However, this strain was not specifically selected for the traits of ADHD and as a result their
appropriateness as a model has been questioned. The present study investigated whether SHRs
would exhibit impulsive behavior in comparison to their control strain, Wistar Kyoto (WKY) rats.
In addition, we evaluated a strain that has previously shown high levels of impulsive choice, the
Lewis (LEW) rats and compared them with their source strain, Wistar (WIS) rats. In the first
phase, rats could choose between a Smaller-sooner (SS) reward of 1 pellet after 10 s and a Larger-
later (LL) reward of 2 pellets after 30 s. Subsequently, the rats were exposed to increases in LL
reward magnitude and SS delay. These manipulations were designed to assess sensitivity to
magnitude and delay within the choice task to parse out possible differences in using the strains as
models of specific deficits associated with ADHD. The SHR and WKY strains did not differ in
their choice behavior under either delay or magnitude manipulations. In comparison to WIS, LEW
showed deficits in choice behavior in the delay manipulation, and to a lesser extent in the
magnitude manipulation. An examination of individual differences indicated that the SHR strain
may not be sufficiently homogeneous in their impulsive choice behavior to be considered as a
viable model for impulse control disorders such as ADHD. The LEW strain may be worthy of
further consideration for their suitability as an animal model.
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1. Introduction
Attention-Deficit/Hyperactivity Disorder (ADHD) is a developmental neuropsychiatric
disorder that is estimated to affect between 2% and 12% of school-aged children, and
approximately 4% of adults [1–4]. ADHD is characterized by a cross-situational pattern of
inattention, hyperactivity, and/or impulsivity that interferes with appropriate social and/or
academic functioning [5]. There are three subtypes of ADHD: predominantly inattentive
subtype (ADHD-IA), predominantly hyperactive-impulsive subtype (ADHD-HI), and
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combined subtype (ADHD-C). In addition to the subtypes of ADHD, several
endophenotypes based on quantitative psychological deficits have been proposed including:
shortened reward delay gradients, and impairments in response inhibition/executive
functioning, temporal processing, working memory and reaction time variability [6]. As a
result, it has been proposed that ADHD is a heterogeneous condition [7–9], and that there
are multiple potential causal pathways to ADHD [10–13].

One factor that has been examined in ADHD patients is the increased prevalence of
impulsive choice behavior [e.g., 7, 9]. Impulsivity is a multi-faceted construct that includes
both cognitive (i.e., impulsive choice) and motor (i.e., impulsive action) components [14,
15]. Impulsive choice tasks involve the presentation of choices between smaller rewards that
are available sooner (SS rewards) versus larger rewards available later in the future [LL
rewards; 16]. Choice of SS over LL rewards that result in lower reward-earning rates is
commonly termed impulsive, whereas the opposite behavior is termed self-controlled [17,
18].

Impulsive choice behavior has been linked with a variety of behavioral problems including
increased risk of drug and alcohol abuse [see 19, 20, 21 for recent reviews], gambling [21–
25] and poor financial decision making [26]; impulsive choice also predicts drug relapse
following treatment [27–29]. ADHD is a vulnerability disorder for drug addiction, perhaps
due to increased impulsive choice behavior [30, 31]. Impulsive choice behavior has been
proposed to arise from the underlying process of temporal discounting. Temporal
discounting refers to the decline in reward value as a function of delay until receipt of
reward.

With regard to ADHD, children and adults expressing ADHD symptoms are more likely to
select the SS choice, even when choosing that option may be less profitable, indicating
increased impulsive choice behavior [32–44], however Scheres et al. [45] did not report any
differences in impulsive choice between an ADHD sample and controls. They note that the
failure to replicate may have been due to the relatively small sample size coupled with the
use of a novel procedure with varying delays and amounts that may not have been sensitive
enough to detect differences. The increased selection of the SS outcome has been interpreted
as due to increased impulsive choice attributable to steeper temporal discounting [46, 47],
escape from delay due to the overall trial length [delay aversion, 48, 49], or a combination of
both processes [50, 51]. A shortened delay gradient has been proposed as a core deficit in
ADHD and a candidate endophenotype for the disorder [6, 11] that is proposed to emerge
early and potentially lead to other symptom development in ADHD [11, 47].

Impulsive choice tasks require processing of both temporal and reward amount information,
and deficits in either of these processes could account for different patterns of impulsive
choice behavior. As a result, two individuals could demonstrate impulsive choice behavior,
but for different reasons due to deficits in the two underlying systems.

An increasing body of research has suggested that several characteristics of temporal
information processing (e.g., duration discrimination, duration reproduction, finger tapping)
may be impaired in ADHD [see 52 for a review]. ADHD is also associated with deficits in
timing accuracy and precision [53–60], and one effect of methylphenidate, a common
treatment for ADHD, is to increase timing precision [55]. ADHD is associated with
abnormalities in the nigrostriatal dopamine system [61], which has also been implicated as
the source of the interval-timing clock system [e.g., 62, 63], so it is possible that impulsive
choice behavior in ADHD could emerge from deficits in temporal processing.

Impairments in reward processing are also associated with ADHD [33, 61, 64–66]. ADHD
is characterized by deficits in the mesolimbic dopamine system [11, 65, 67–73], which is
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associated with reward anticipation and incentive motivation [74–78]. Strohle et al. [71]
demonstrated a direct link between nucleus accumbens (a key structure in the mesolimbic
pathway) activation and anticipation of gains during an impulsive choice task, with ADHD
patients, demonstrating lower activation and increased impulsive choices.

Given the link between ADHD and impulsive choice, and the importance of impulsive
choice in other serious behavioral problems such as drug abuse and gambling, it is pertinent
to develop robust pre-clinical models for testing new interventions for ADHD and to
pinpoint the possible neural mechanisms of ADHD. One of the most widely tested models is
the spontaneously hypertensive rat (SHR), which were created through selective breeding to
have high blood pressure recordings. Besides hypertension, the selection also produced
increased activity, impulsivity, deficits in sustained attention, and alterations in the
dopaminergic system, all of which are also characteristics of ADHD [79, 80], and as a result
the SHR has been advanced as the best-validated animal model of ADHD [81]. In relation to
impulsive choice, SHRs choose fewer LL rewards than WKY rats [82–84], and have a
shorter mean adjusting delay [85], indicating a steeper delay of reinforcement gradient [see
also 66, 86]. However, other research has indicated no differences in impulsive choice
behavior between SHR and WKY strains [87], and the lack of steeper discounting functions
in SHRs was also reported in the successive-encounters procedure, an operant simulation of
natural foraging [88]. The discrepancy in the literature could be due to the use of different
procedures which may not be equally sensitive to detect differences between strains, or
could indicate that impulsive choice behavior is not a robust phenotype of the SHR strain.

An additional issue with the SHR strain is that they have not been thoroughly evaluated in
relation to temporal and/or reward processing deficits within the context of an impulsive
choice task. Given that both deficits are associated with ADHD, it is critical to determine
whether the SHR strain exhibits impairments in one or both of these processes to evaluate
their suitability as an animal model for different sub-populations of ADHD. Further
evaluation of the SHR strain will also provide accumulating evidence of whether the deficits
in SHRs are a robust phenotype of the strain given the previous inconsistencies in the
literature.

A second possible animal model was also evaluated, the Lewis (LEW) strain. LEW rats
have not been evaluated as an animal model of ADHD, but this strain has shown to make
more impulsive choices in comparison to Fischer 344 rats [89–94]. Such differences in
choice are important as they may provide an avenue for exploring impulsive choice in a new
potential model of ADHD.

Accordingly, the present research examined impulsive choice behavior in two potential
impulsive strains (SHR and LEW) and their source strains (WKY and WIS) to assess these
two strains as potential models of ADHD. The strains were chosen because SHR and LEW
have been previously reported to be impulsive, the WKY are the source strain and also the
most common control strain for the SHRs, and the WIS strain is the source strain for the
LEW. Note that the goal of this study was to compare the two potentially impulsive strains
to their source strains rather than to make comparisons based on other factors such as
neurobiological differences. In addition, analyses of individual differences were conducted
to assess the relative homogeneity within the impulsive and control strains to determine
whether the impulsive strains could serve as a model for specific symptoms of ADHD.

Separate manipulations of SS delay and LL magnitude were delivered to all rats; this
approach has been previously used to disentangle the role of temporal and reward processing
in impulsive choice [78, 95]. If the impulsive strains display deficits in only one of the
manipulations, then this would indicate that the strain could be evaluated more thoroughly
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for specific temporal and/or reward processing deficits related to impulsive choice behavior
in ADHD.

2. Materials and Methods
2.1. Animals

The animals were 36 experimentally-naive male rats from four different strains (n = 9): SHR
(SHR/NCrl), WKY (WKY/NCrl), WIS (WIS/Crl), and LEW (LEW/Crl) from Charles River
Inc. (Wilmington, MA, USA). The rats were approximately 60 days old at the beginning of
the experiment. The rats were housed in pairs in plastic shoe box cages and were handled
daily. After habituation to the conditions of the animal colony, body weights were reduced
to approximately 85% of free-feeding weight by restricted feeding consisting of the food
pellets earned in a session plus an additional ration of lab chow in the home cage. Water was
available ad libitum in the home cage and experimental chamber. Lights were on a 12:12 hr
reversed light-dark cycle with lights on at 8 p.m.

2.2. Apparatus
All phases of the experiment were conducted in a set of 18 operant chambers (Med
Associates, Vermont, USA). Each chamber (25 × 30 × 30 cm) was enclosed in a ventilated,
sound-attenuating cubicle (74 × 38 × 60 cm). The floor of the chamber was a stainless steel
grid comprised of nineteen 0.5-cm diameter bars (Model ENV-005). Each chamber had two
retractable response levers (ENV-112CM) located 2.1 cm above the floor in the front wall;
each lever was 4.8 cm wide. A 5.1 × 5.1 cm pellet receptacle (ENV-200R2M) was located in
the center of the front wall, 2.5 cm above the floor, and this received 45-mg Noyes precision
food pellets (Research Diets, New Brunswick, NJ) from a modular magazine pellet
dispenser (MED Associates, Model ENV 203M). The chambers were located in two
separate rooms, with six chambers in one room and twelve chambers in the other room. The
presentation of stimuli and the collection of data were controlled by Dell personal computers
using the Medstate programming language (Med-PC-IV, MED Associates).

2.3. Procedure
2.3.1. Pre-training—In the initial session, all rats received magazine training with single
food pellets delivered on a variable time 60-s schedule for 1 hr. The following two sessions
consisted of continuous reinforcement training, with a single food pellet delivered for each
lever press on both the left and the right levers, one lever per day (order counterbalanced),
for a total of 30 lever presses. Each session lasted a maximum of 2 hr. Most of the rats
started pressing the levers with this procedure; rats that did not press the levers were given
hand shaping until they began pressing. During the following two sessions, both left and
right levers were trained simultaneously in six blocks within a session, each block consisted
of 20 food deliveries per lever. In the first two blocks, lever pressing was reinforced
according to a fixed ratio 1 schedule. The next two blocks followed a random ratio schedule
with a mean of three lever presses per food delivery and the last two sessions followed a
random ratio schedule with a mean of five lever presses per food delivery. Sessions finished
when the rats received 120 total food deliveries.

2.3.2. SSLL training—Sessions were composed of forced choice, free choice, and probe
trials. Forced choice trials involved insertion of one of the levers. An initial response on that
lever resulted in onset of the cue light above the lever. After the target fixed interval elapsed,
the first response on the lever resulted in lever retraction and food delivery. Probe trials
involved insertion of only one of the levers, lasted for 90 s and were non-reinforced. Lever
presses were monitored to assess the pattern and rate of responding in the absence of
reinforcement, but had no consequence [see 96]. Free choice trials were initiated by
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inserting both levers. Following a choice response, the alternative lever was withdrawn, the
cue light above the chosen lever was turned on and a fixed interval schedule was initiated on
the chosen lever. Once the target interval elapsed, the next response on the lever resulted in
lever retraction and food delivery. In the first phase, SS trials resulted in delivery of 1 pellet
(contingent on a lever press following the fixed interval) after a 10-s delay, whereas LL
trials resulted in the delivery of 2 pellets after a 30-s delay. All trials were separated by a
fixed 60-s ITI. A fixed ITI more closely mimics real-life choice situations because it allows
for reward maximization [97]. In the present study, in all conditions, SS choices were costly
because they reduced total rewards earned so this produced a situation where SS choices
were maladaptive, especially when the LL reward magnitude was larger or the SS delay was
longer. The sessions were conducted during the dark phase of the light:dark cycle and
consisted of two blocks, each containing 8 SS forced, 2 SS probe, 8 LL forced, 2 LL probe,
and 30 free choice trials. Sessions lasted for 2.5 hr, and water was freely available in the
chambers throughout the session.

Following the baseline procedure with the 10-s, 1-pellet SS vs. the 30-s, 2-pellets LL
choices, additional training occurred with LL magnitude and SS delay increases in a
counterbalanced order. In each strain approximately half of the rats (5 in one sub-group and
4 in the other) received the LL magnitude increase first, followed by a return to the baseline
condition and then followed by the SS delay increase task. The remaining rats received the
SS delay increase task first, followed by a return to baseline and then the LL magnitude
increase task. In the LL magnitude task, the LL reward was increased to 3 pellets, and then
later to 4 pellets in separate phases. The SS delay task consisted of an increase in the SS
delay to 15 s, and then later to 20 s in separate phases. The return to the baseline condition
between successive tasks involved the original training conditions (10 s, 1 pellet vs. 30 s, 2
pellets), but the SS and LL lever assignments were switched to remove any biases that may
have emerged in the initial task. Training in each phase lasted for 20 sessions, except for the
second baseline phase which lasted for 30 sessions.

2.4. Data analysis
All analyses were conducted in SPSS, using the General Linear Model routine, on the last
five sessions of each phase, when choice behavior was stable. For all of the ANOVAs,
separate analyses were conducted for the WKY vs. SHR and the WIS vs. LEW as these
pairs of strains were coupled according to their genetic relationship. An additional analysis
of the SHR vs. WIS was also conducted to check for differences between the SHRs and their
original source strain.

2.4.1. Choice analysis
2.4.1.1. Percentage of LL choices: The data analysis focused on the free choice trials,
where both the SS and LL options were present. The probe trials were subjected to thorough
data analyses, which are reported in Garcia Aguirre's [98] thesis. Because the primary focus
of the present paper was on choice behavior, these analyses are not reported here. The
probability of accepting the LL choice for each phase was obtained from the free choice
trials and was computed by dividing the number of LL choices by the total number of
choices available (30 per session) and multiplying by 100.

To gain an index of the strength of the contribution of the manipulated variables (e.g., the
strains) in comparison to individual differences within a strain, two measures of effect size
were computed. The first measure was a standard η2 statistic, which was used to determine
the percentage of variance accounted for by each of the variables in the experiment:

, where SSQEffect was the sum of squares associated with each effect in the
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model (Strain, Phase, or Session) and SSQTotal was the total sum of squares adjusted for the
grand mean. To compute the variance accounted for by the inter-individual differences,
SSQEffect was the error sum of squares from the Strain effect (the same as SSQK below).
This is the normal error term for a between-subjects effect computation, reflecting the inter-
individual differences within groups. All of the sums of squares were obtained from the
General Linear Model output in SPSS. The η2 values add to 100% if computations are made
for all variables and error terms in the ANOVA.

The second estimate of effect size was the generalized eta-squared statistic,  [99, 100],
which was derived to deal with some of the common problems with the standard and partial
η2 statistics. The generalized eta-squared statistic was determined by the equation

, where SSQEffect was the sum of squares associated
with each effect, SSQMeas includes all sources of error variance that involve measured
variables (Strain, Phase, Session, and their interactions) and SSQK is the inter-individual
differences. The parameter δ was set to 1 when the effect of interest was a manipulated
factor (Strain, Phase, or Session). For measurement of the effect size for the inter-individual
differences, SSQEffect was the error sum of squares from the Strain effect (SSQK). This is
the normal error term for a between-subjects effect computation, reflecting the inter-
individual differences within groups. In this case, δ was set to zero so that the individual
differences (SSQK) only contributed to the denominator once.

As an additional index of the contribution of the inter-individual differences to the
experiment, an F-statistic was computed by dividing the mean square error for the Strain
effect (the inter-individual differences) by the mean square error for the Session effect (the
intra-individual error). Both of these error terms were obtained from the General Linear
Model output in SPSS.

2.4.1.2. Log-odds ratios: Due to issues with violations of ANOVA assumptions when using
proportion data, a log-odds ratio was computed for each rat's choice behavior in each phase
of the delay and magnitude manipulations to attempt to minimize the impact on the
statistical analyses. The log-odds ratio was determined by: log10(NLL/NSS) where NLL refers
to the number of LL choices and NSS refers to the number of SS choices, accumulated over
the last 5 sessions of each phase.

2.4.1.3. Area under the curve: The area under the curve (AUC) has been used to avoid
potential problems created by the lack of consensus regarding the mathematical form of
discounting functions (i.e., exponential vs. hyperbolic). The AUC is a theoretically neutral
measure of discounting which requires no assumptions regarding the mathematical form of
the discounting function and that provides an index of overall bias to choose the SS or LL.
The AUC was determined by summing the area of successive trapezoids between the
percentage of choices for each of the phases [101, 102]. Given that the units between the
different phases were evenly spaced, AUC was equal to (y1+y2)/2 + (y3+y2)/2, where y1,
y2 and y3 were the percentage of LL choices in the first, second and third phase,
respectively, for the magnitude and delay manipulations. The AUCs were then divided by
the maximum possible area (200) so that the values ranged from 0 to 1. Because the AUC
values are expressed in normalized units obtained from choice data, they should not be
compared directly to AUC values obtained from indifference points in adjusting-amount or
adjusting-delay procedures.
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2.4.1.4. Slope: The slope of the choice function provides a measure of sensitivity to changes
in LL magnitude or SS delay. This was computed by taking the slope of the function relating
the percentage of LL choices and the LL magnitude or SS delay for each rat. Therefore, this
represents the change in percentage of LL choices due to a one-unit change in LL magnitude
(e.g., 2 to 3 pellets or 3 to 4 pellets) or SS delay. The slope could range from 0 to 50.

2.4.1.5 Box plot generation: To effectively display the individual differences in choice, as
well as providing central tendency and distributional information, box plots were generated
for displaying the percentage of LL choices. The central line in each box plot represents the
median, whereas the lower and upper halves of the box are the 25th and 75th percentiles,
respectively. The whiskers on the box are the minimum and maximum scores for the group.

3. Results
3.1. Percentage of LL choices

3.1.1. WKY vs. SHR strains—Figure 1 displays the results of the LL reward magnitude
(left column) and SS delay (right column) manipulations conducted on the WKY and SHR
strains. The top row displays the mean percentage of LL choices for the two strains, whereas
the middle and bottom rows display the box plots for each individual strain (Section
2.4.1.5), with the mean overlaid on the box plot. It is apparent in examining the figure that
both strains adjusted their choice behavior by increasing LL choices as the LL magnitude
increased (left column) or the SS delay increased (right column). The WKY strain appeared
to show slightly higher LL choices in the LL magnitude manipulation, but the two groups
were virtually identical in their performance in the SS delay manipulation. It also appears
from the box plots that there were considerable individual differences in choice behavior
within both strains of rats.

To confirm the general patterns in the data, separate ANOVAs were conducted on the
magnitude and delay tasks. Specifically, a 2 × 3 × 5 mixed analysis of variance (ANOVA)
with the variables of Strain (between-groups factor), Phase (within-subjects factor) and
Session (within-subjects factor) was conducted for each task. For the magnitude
manipulation, there was a significant effect of LL Magnitude, F(2,32) = 47.1, p < .001, η2

= .41, , on the percentage of LL choices. An additional computation was performed to
assess the contribution of the inter-individual differences (see Section 2.4.1.1). This revealed
a significant contribution of Individual differences, F(16,64) = 120.3, p < .001, η2 = .37,

, to the percentage of LL choices. For the delay manipulation, there was an effect of

SS delay, F(2,32) = 36.4, p < .001, η2 = .30, , and a significant contribution of

Individual differences, F(16,64) = 129.5, p < .001, η2 = .52, . There were no
significant effects of Strain, Session, or any interactions of these variables with other
variables in the analysis.

An additional comparison was conducted on the baseline phases of the magnitude and delay
manipulations to determine whether the original baseline performance differed from the
subsequent baseline performance as an index of possible carry-over effects. A mixed
ANOVA was conducted with the variables of Strain (WKY vs. SHR) and Baseline phase
(magnitude vs. delay). This did not reveal any significant effects of Baseline phase, Strain,
or their interaction.

3.1.2. WIS vs. LEW strains—Figure 2 displays the percentage of LL choices for the WIS
and LEW strains during the LL reward magnitude (left column) and SS delay manipulations
(right column). The top row displays the group means and the middle and bottom rows show
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the box plots for each individual strain. Both strains showed sensitivity to the change in LL
reward magnitude and SS delay by increasing their LL choices. There was an indication in
both tasks of lower LL choices in the LEW rats, and this was more pronounced in the delay
manipulation. There appeared to be considerable inter-individual differences present in both
strains.

To confirm the general patterns in the data, separate ANOVAs were conducted on the
magnitude and delay tasks. Specifically, a 2 × 3 × 5 mixed analysis of variance with the
variables of Strain (between-groups factor), Phase (within-subjects factor) and Session
(within-subjects factor) was conducted for each task. The ANOVA on the magnitude
manipulation revealed significant effects of Magnitude, F(2,32) = 76.6, p < .001, η2 = .55,

, Session, F(4,64) = 2.7, p = .04, η2 = .01, , and Session × Strain, F(4,64) = 3.0,

p = .025, η2 = .01, . There also was a significant contribution of Individual

differences, F(16,64) = 55.0, p < .001, η2 = .21, . There was no significant main
effect of Strain. Tukey pairwise post-hoc tests on the Session × Strain interaction were
conducted to assess differences in choice behavior within each strain between pairs of
sessions. These indicated that the LEW rats had lower LL choices in Session 15 than
Session 20, whereas the WIS rats did not display any significant differences in choice
behavior from session to session. An ANOVA conducted on the delay manipulation

revealed significant effects of Delay, F(2,32) = 42.1, p < .001, η2 = .30, , Delay ×

Strain, F(2,32) = 3.7, p = .035, η2 = .03, , and a significant contribution of Individual

differences, F(16,64) = 74.3, p < .001, η2 = .42, . Tukey pairwise post-hoc tests on the
Delay × Strain interaction (comparing the two strains at each delay) indicated lower LL
choices in the LEW strain in the 15-s and 20-s SS delay conditions compared to the WIS
strain, but no significant strain differences in the 10-s SS delay condition. There was no
significant main effect of Strain, Session, or any other interaction.

An additional comparison was conducted on the baseline phases of the magnitude and delay
manipulations using a mixed 2 × 2 ANOVA with the variables of Strain (between-groups
factor) and baseline phase (within-subjects factor). This did not reveal any significant effects
of Baseline phase, Strain, or their interaction.

3.2. Log-odds Ratios
3.2.1. WKY vs. SHR strains—A further analysis of the choice data was conducted on the
log-odds ratios (see Section 2.4.1.2; data not shown) to determine whether there were any
strain differences when the data were transformed to better conform to the assumptions of
ANOVA. Mixed 2 × 3 ANOVAs were conducted on the log-odds ratios from the delay and
magnitude tasks with the variables of Strain (between-groups factor) and Phase (within-
subjects factor). For the magnitude manipulation, there was a significant effect of
Magnitude, F(2,32) = 12.6, p < .001, but no significant effect of Strain, or Magnitude ×
Strain. For the delay manipulation, there was a significant effect of Delay, F(2,32) = 50.1, p
< .001 but no significant effect of Strain or any interaction.

3.2.2. WIS vs. LEW strains—The analysis of the log-odds ratios for the WIS vs. LEW
strains in the magnitude task (using a 2 × 3 mixed ANOVA) revealed a significant effect of
Magnitude, F(2,32) = 103.3, p < .001, and a Magnitude × Strain interaction, F(2,32) = 4.3, p
< .05. There was no significant main effect of Strain. The Magnitude × Strain interaction
was due to significantly higher LL choices in the WIS strain when the LL magnitude was 3
pellets, but there were no significant strain differences in the 2- or 4-pellet conditions, as
determined by Tukey post-hoc tests comparing the two strains in each phase. For the delay
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manipulation, there was a significant effect of Delay, F(2,32) = 57.1, p < .001, and Delay ×
Strain, F(2,32) = 6.2, p < .01 but no significant main effect of Strain. Tukey post-hoc tests
on the interaction (comparing the two strains at each delay) determined that the WIS strain
had significantly higher LL choices in the 15- and 20-s SS delay conditions, but there were
no significant differences in the 10-s baseline condition.

3.3. Area Under the Curve
A measure of the relative AUC (Section 2.4.1.3) was generated from the percentage of LL
choice data in Figures 1 and 2 to give an index of overall bias to choose LL vs. SS [a
generalized measure of self-control; 102].

3.3.1. WKY vs. SHR strains—The top panel of Figure 3 displays the mean (± standard
error of the mean, SEM) AUC values for the WKY and SHR strains in the magnitude (M;
filled symbols) and delay (D; open symbols) manipulations. Separate one-way ANOVAs
with the between-subjects variable of Strain were conducted on the magnitude and delay
tasks, but these did not reveal any significant strain differences in the relative AUC values.
An additional analysis was performed to assess overall biases in choice behavior using a
one-sample t-test with a comparison value of 0.5. Because the AUC values were normalized
to range from 0 to 1, a value of 0.5 would indicate an overall lack of bias (across all choice
conditions in the magnitude or delay manipulations) to choose either option. This does not
necessarily mean that choices in all phases were neutral, but rather that the overall pattern
was not biased in one direction or the other. The analysis indicated that the WKY strain was
significantly biased towards self-controlled (LL) choices in the magnitude task, t(8) = 3.2, p
< .05, but was not biased in either direction in the delay task. The SHR strain did not
significantly deviate from neutrality in their overall bias.

3.3.2. WIS vs. LEW strains—The AUC for the magnitude (M; filled symbols) and delay
(D; open symbols) manipulations is displayed in the bottom panel of Figure 3 for the WIS
and LEW strains. One-way ANOVAs conducted separately on the magnitude and delay
tasks with the between-subjects variable of Strain revealed a trend towards an effect of
Strain on both tasks, Magnitude F(1,16) = 4.4, p = .052, and Delay F(1,16) = 3.3, p = .087.
One-sample t-tests conducted on the relative AUC values to assess biases in choice revealed
a significant self-control bias in the WIS strain during the magnitude task, t(8) = 5.0, p < .01.
There were no other significant biases in either strain.

3.4. Slope of the Discounting Function
As an additional index of possible differences in discounting, the slope of the discounting
function was computed for each rat in each strain during the magnitude and delay tasks (see
Section 2.4.1.4). The slopes provided an index of sensitivity to the magnitude and delay
manipulations.

3.4.1. WKY vs. SHR strains—The slopes are displayed in the top panel of Figure 4 for
the WKY and SHR strains for the magnitude (M; filled symbols) and delay (D; open
symbols) tasks. Separate one-way ANOVAs with the between-subjects variable of Strain
revealed no significant strain effects in either the delay or magnitude manipulations. One-
sample t-tests were performed on each strain in each task to assess sensitivity to changes in
magnitude and delay by comparing the slopes to zero (which would indicate no change in
choice behavior over changes in magnitude or delay). This revealed significant sensitivity to
both magnitude and delay in both strains, all ts(8) > 4.0, ps < .01.

3.4.2. WIS vs. LEW strains—The slopes for the WIS and LEW strains are displayed in
the bottom panel of Figure 4 for the magnitude (M; filled symbols) and delay (D; open
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symbols) tasks. There was no clear indication of any slope differences between the strains in
the magnitude task, but the slope of the delay function did appear shallower in the LEW
strain. However, the slope difference did not reach statistical significance, F(1,16) = 3.6, p
= .077. One-sample t-tests on the slopes revealed good sensitivity to both delay and
magnitude in both strains, all ts(8) > 5.4, all ps < .01.

3.5. Additional analysis of WIS vs. WKY and WIS vs. SHR
Given that the use of the WKY (NCrl) has been questioned as a control strain, for other
behaviors besides impulsive choice [81, 103, 104], further analyses were conducted to
compare the WIS strain with the WKY and SHR strains. The WIS strain is the original
source strain for both of these inbred strains. The original percentage LL choice data for the
magnitude and delay tasks as well as the log-odds ratios, slope and AUC measures were
subjected to ANOVAs comparing the WIS vs. WKY and WIS vs. SHR. There were no
strain differences in any of these comparisons. The largest group differences were in
comparing the WIS vs. SHR on the magnitude task in both the percentage LL choice,
F(1,16) = 2.8, p = .12, log-odds ratios, F(1,16) = 2.7, p = .12, and the magnitude AUC,
F(1,16) = 2.9, p = .11. All other Fs < 1 for comparisons of the strains.

3.6. Changes in choice behavior over the session
To examine whether there were any changes in performance across the session, and whether
this differed by strain, the percentage of LL choices was determined separately for the first
vs. second half of the session (over the last 5 sessions of each phase). These choice data
were collapsed across the individual magnitude and delay conditions as similar patterns of
change over the session occurred in all of the individual conditions.

3.6.1. WKY vs. SHR strains—The percentage of LL choices (mean ± SEM) of the WKY
and SHR strains as a function of the first vs. second half of the session is displayed in the
top panel of Figure 5 for the magnitude (WKY-M and SHR-M) and delay (WKY-D and
SHR-D) tasks. As seen in the figure, both strains showed increased LL choices between the
first and second half of the magnitude and delay manipulations. This was confirmed by
separate 2 × 2 mixed ANOVAs conducted on the magnitude and delay manipulations with
the between-groups variable of Strain and the within-subjects variable of Time. For the
magnitude task, there was a significant effect of Time, F(1,16) = 14.8, p < .01, that was due
to increased LL choices in the second half of the session, but no significant interaction of
Strain × Time. The same pattern was observed in the analysis of the delay manipulation,
with a significant effect of Time, F(1,16) = 5.4, p < .05, but no significant interaction with
Strain.

3.6.2. WIS vs. LEW strains—The percentage of LL choices (mean ± SEM) of the WIS
and LEW strains as a function of the first vs. second half of the session is displayed in the
bottom panel of Figure 5 for the magnitude (WIS-M and LEW-M) and delay (WIS-D and
LEW-D) tasks. For the magnitude task, both strains increased their LL choices over the
session. This was confirmed by a 2 × 2 ANOVA with the between-subjects variable of
Strain and the within-subjects variable of Time, which revealed a significant effect of Time,
F(1,16) = 12.9, p < .01, but no significant interaction with Strain. For the delay
manipulation, there was a different pattern with the WIS strain displaying an increase in LL
choices but the LEW strain decreasing their LL choices over the session. A 2 × 2 ANOVA
on the delay manipulation revealed a significant Time × Strain interaction, F(1,16) = 5.5, p
< .05, but no significant main effect of Time. Tukey pairwise post-hoc tests comparing each
strain during each half of the session revealed no significant difference in the strains during
the first half of the session, but the LEW rats had significantly lower LL choices than the
WIS strain in the second half of the session.
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3.7. Additional analysis of individual differences
To gain a deeper understanding of the patterns of individual differences in overall self-
control (measured by AUC) versus the sensitivity to magnitude or delay changes (measured
by the slope), Figure 6 displays a scatter plot of the AUC vs. slope for the magnitude (top
panel) and delay (bottom panel) tasks comparing all four strains. The figure is sectioned into
quartiles which represent different patterns of performance. The AUC is divided at 0.5,
because this represents overall neutrality in choice behavior; AUC values greater than 0.5
indicate a self-control bias and less than 0.5 indicate an impulsive bias. The slope is divided
at 25, which is the mid-point of the possible range of slopes. A slope of 0 would indicate no
change in performance, whereas a slope of 50 would indicate maximal change over the
choice function. Ideal performance would fall within the upper-right quartile, which is an
indicator of generalized self-control coupled with good sensitivity to change. The least ideal
pattern would be the lower-left quartile, which is generalized impulsive choice coupled with
poor sensitivity to change. Individuals in this quartile are generalized SS responders and
demonstrate impulsive tendencies even when the reinforcement contingencies are clearly in
favor of the LL outcome [see 50 for evidence of SS responders in an ADHD sample]. In
examining the patterns in the different strains, it is apparent that the WIS and WKY control
strains performed most ideally in the magnitude task with 8 of the 9 rats in each strain
displaying self-controlled choices and 5 of those 8 displaying high sensitivity to change. The
SHR strain was the most widely distributed in the magnitude task, with at least 1 rat in each
quartile and 2 rats in the SS responder quartile. In the delay task, the WIS strain showed the
best performance with 6 of the 9 rats displaying self-control coupled with high sensitivity to
change. The LEW strain displayed the poorest performance with 5 of the 9 rats in the SS
responder quartile. The WKY and SHR strains were distributed across the quartiles. In
addition, there were more SS responder rats across all strains in the delay task.

4. Discussion
The purpose of the study was to compare impulsive choice behavior in SHR and LEW rats,
which have previously demonstrated increased choices of the SS outcome, to their
genetically-compatible control strains, the WKY and the WIS rats, respectively, on an
impulsive choice task. Separate assessments were conducted for LL magnitude and SS delay
increases to parse out the strains as possible models for specific symptoms of ADHD and to
examine whether any deficits were general patterns of choice behavior or specific to
magnitude or delay manipulations. The overall pattern of results suggests that the SHR
strain is not a potential model of impulsive choice deficits that may be an endophenotype of
ADHD due to excessive inter-individual differences and weak to no differences from
controls. The LEW strain demonstrated some potential as a model for examining deficits in
adjusting to changes in SS delays, and to a lesser extent LL magnitude, which may be a
potential model for temporal (and possibly reward processing) deficits coupled with
impulsive choice behaviors in ADHD.

4.1. WKY vs. SHR strains
The results showed that both of the strains, WKY and SHR, were sensitive to the LL reward
magnitude manipulation (left column of Figure 1). The preference for LL did not differ
between the SHR and WKY rats in either the original choice data or in the log-odds ratio
transformed choice data. There also were no strain differences in overall self-control,
measured by the AUC, or in sensitivity to LL magnitude, measured by slope (top panel of
Figures 3 and 4). And, there were no strain differences in the changes that occurred across
the session; both strains increased their LL choices in both tasks over the course of a session.
The increase in LL choices indicates that neither strain was displaying any satiety effects in
their choice behavior over the session, but rather appeared to gravitate toward the more
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profitable LL option over the session. The combined results suggest that the SHR and WKY
strains were highly similar in their patterns of performance over the magnitude task.

Similarly, both strains were sensitive to the SS delay manipulations (right panel of Figure 1).
There also were no differences between the strains in the relative AUC or slope of the
discounting function (top panel of Figures 3 and 4), and no strain differences in performance
across the session (Figure 5). The combined results suggest that the SHR and WKY strains
were highly similar in their patterns of performance over the delay task.

It appears that the SHR rats were not more impulsive than the WKY rats in either the
magnitude or delay manipulations. The results were unlikely due to any weaknesses in the
experimental methods because both strains showed systematic variations in choice as a
function of LL magnitude and SS delay. In addition, there were no significant differences in
baseline performance between the delay and magnitude task in either strain, indicating that
there were no significant carry-over effects that may have masked strain differences. Finally,
observation of strain differences between LEW and WIS strains (discussed below) indicates
that the task was sufficiently sensitive to detect strain differences. Thus, it is possible that
steeper discounting may not be a reliable or robust phenotype of the SHR strain.

The present results are consistent with the findings from Adriani, et al. [87] who reported no
differences between SHR and WKY rats in an impulsive choice task; however, the results
are inconsistent with other reports of preference for smaller sooner rewards in SHR rats [82–
86]. One possible reason for the discrepant results may be due to the commercial supplier of
the rats. All of the previous studies [82–87] used different suppliers (Charles River Italia,
Centre d’Elevage René Janvier, France, Charles River USA, the Department of Laboratory
Animal Since at the University of Otago, New Zealand, and Harlan USA). It is possible that
subtle differences in breeding criteria may result in differences in the levels of impulsive
choice exhibited by strains supplied by different breeders [see 105].

Even more concerning is the observation of high inter-individual variability within SHRs
obtained from the same breeder, as reported here and by Adriani et al. [87]. They reported
that when the rats of the SHR strain were considered as a whole, they did not differ from
their WKY controls on their LL choice preference; but if the SHR were segmented into
subpopulations, the most impulsive subpopulation did differ from the WKY controls. Our
results also showed that there was high inter-individual variability present in both SHR and
WKY strains. Individual differences accounted a significant proportion of the total variance
and contributed considerably more variance than the strain across both tasks. In addition, the
SHR strain was widely distributed in the analysis of self-control bias vs. sensitivity; the SHR
strain was the only strain with rats in all four of the quartiles in this analysis in both the
magnitude and delay tasks (Figure 6). A much larger sample size is required to conduct a
full analysis of the distributional properties of the strains to validate the presence of
subpopulations. Nevertheless, the presence of such large inter-individual differences would
appear to present a serious challenge for the consideration of the SHR as a viable model for
disordered impulsive choice in ADHD, and this factor may explain why some researchers
have failed to reproduce previously published results obtained with the SHR. The SHR
strain has not been specifically selected for impulsivity or other markers of ADHD, so it is
perhaps not surprising to observe such large inter-individual differences in a trait that is
orthogonal to the selection criterion for breeding (hypertension).

An additional possible issue with the present results was due to the use of the WKY/NCrl
strain as a control strain for the SHR/NCrl strain. The different WKY substrains have been
reported to exhibit substantial behavioral and genetic differences and the WKY/NCrl
substrain has been proposed as a possible animal model for the ADHD-IA subtype due to
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deficits in sustained attention [81, 103, 104]. However, this substrain has not been reported
to suffer from any increases in impulsive choice behavior, so it is not clear whether the use
of this substrain of WKY rats would have affected the present results. In addition, neither
the SHR nor WKY strains differed from the outbred WIS strain, which is the original source
strain for both strains, so this further suggests that there were no deficits in impulsive choice
in either strain.

4.2. WIS vs. LEW strains
As a first approach to evaluate another potential animal model of impulsive choice deficits
in ADHD, the present experiment evaluated the effects of LL reward magnitude and SS
delay on choice behavior in the LEW rats, a strain that has been reported to make more
impulsive choices in delay discounting tasks [89–94].

In the reward magnitude manipulation, the preference for the LL reward increased when the
LL reward incremented from 2 to 3 to 4 pellets in separate phases. There was an indication
of lower LL choices in the reward magnitude manipulation (left column of Figure 2). This
did not reach significance with the original choice measure, but there was a significant
deficit in LL choices at the magnitude of 3 pellets using the log-odds ratio measure. Both
strains displayed an increase in LL choices across the session, indicating that neither strain
was displaying any satiety effects in their choice behavior. And, both strains recaptured
baseline between the delay and magnitude tasks indicating that there were no carry-over
effects between tasks. An examination of the AUC and slope revealed a near-significant
trend towards lower AUC (bottom panel of Figure 3) values in the magnitude task but there
were no indications of any slope differences (bottom panel of Figures 4). Therefore, the
LEW presented a small impulsive bias, but normal reward sensitivity in comparison to the
WIS in the reward magnitude task (Figure 6). These results suggest that the LEW rats may
possess some subtle deficits in reward magnitude valuation that could result in increases in
impulsive choice behavior. Further research will be needed to determine the potential source
of these deficits.

In the delay to reward manipulation, the preference for the LL reward increased when the
delay to the SS reward increased in separate phases (Figure 2). During baseline, when the
delay to reward in the SS was 10 s, there was no difference in the choices of LL reward for
WIS and LEW rats; however, when the delay to SS reward increased to 15 s and then to 20
s, the LEW strain chose fewer LL rewards than the WIS controls. This was apparent in both
the original choice measure and in the log-odds transformation. Both strains recaptured
baseline between the magnitude and delay tasks indicating no significant carry-over effects.
There was a general trend towards impulsive bias in the AUC values and shallower slopes in
the delay task (Figures 3 and 4).

The results confirm previous findings that LEW rats made significantly more SS choices in
a delay discounting task when the delay to reward was manipulated [89, 91–94], and extends
this finding to comparisons with their source strain, WIS. Stein et al. [90] recently reported
steeper discounting functions in Lewis vs. Fischer 344 rats using an adjusting amount
procedure delivered at different delays, but the delays were adjusted following stability
(coupled with assessments of adjusting amounts for each delay). When delays were adjusted
pseudorandomly for each session, then there were no differences in choice behavior between
the two strains [see also 106]. It is difficult to determine the relative impact of the adjusting
amount vs. the changes in delay that were delivered in Stein et al.'s procedure in producing
the differences between the strains. It may be preferable to assess discounting separately for
delay and amount adjustments as was the case in the current study to disentangle the
separate influences of these two variables [see also 78, 95, 107]. From the present results it
appears that the LEW rats possess more robust deficits in delay processing than in
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magnitude processing, but that impairments in both processes may be playing a role in their
impulsive choice behavior.

An additional finding of interest was the observation that the LEW rats displayed decreased
LL choices over the session in the delay manipulation only (Figure 5). This was in contrast
to the WIS (and also SHR and WKY) strains that showed increased LL choices over the
session. The decrease in LL choices was unlikely due to satiety effects on choice behavior
because the rats were receiving the smallest LL magnitude (2 pellets) in the delay task. In
addition, the LEW rats displayed an increase in LL choices over the session in the
magnitude task, where satiety effects should have been more likely to occur. It is possible
that the decrease in LL choices over time may reflect delay aversion in the LEW rats, which
may lend further support to their consideration as an animal model of ADHD. Delay
aversion has been reported as an important factor in impulsive choice behavior in ADHD
patients [48, 49]. It is possible that delay aversion contributed to the shallower discounting
function in the delay manipulation. Further research examining this factor will be required to
parse out the impact of delay aversion vs. steeper discounting in affecting impulsive choice
behavior in the LEW strain.

An additional possible source of the LEW deficits in the delay manipulation may be due to
deficits in perceiving the change in delay or in discriminating between the successive SS
delays. Interestingly, in addition to deficits in duration discrimination [58, 60], it has been
proposed that ADHD involves deficits in detection of prediction errors with regard to the
timing, nature, or frequency of changing events [108], which could provide an alternative
explanation for the pattern of results in the LEW strain if they could not detect the prediction
error when the SS delay was altered. Alternatively, the weak modulation of choice behavior
with changes in the experimental contingencies may be the result of deficits in attention [80,
87]. Further research will be needed to determine the source of the deficits in the LEW
strain. Additional research is also required to establish on which other indices of ADHD
(e.g., executive functioning, working memory impairments, response variability) LEW and
WIS rats may differ.

In relation to the LEW strain as a possible model of ADHD, this strain does show some
interesting behavioral and neurobiological effects that may be relevant to their
consideration. The LEW strain (relative to Fischer 344) is more likely to self-administer a
variety of drugs including alcohol, cocaine, heroin, morphine, and nicotine [109–113]. In
addition, Garcia-Lecumberri et al. [92] demonstrated that the LEW rats self-administered
more morphine and also made more SS choices in an impulsive choice task, indicating that
impulsive choice in the LEW strain may be a pre-existing trait that increases susceptibility
to drug use. Given that ADHD is associated with increased impulsive choice and
susceptibility to drug addiction [30, 31], this suggests that the LEW strain could be a
potential model for this aspect of ADHD. In addition, the LEW strain have lower levels of
dopamine (DA) and dopamine transporters (DAT) in the nucleus accumbens and striatum,
lower levels of serotonin (5-HT) in the nucleus accumbens, and decreased 5-HT1A receptors
in frontal cortex and hippocampus [see 93]. Reductions in DA and 5-HT in these brain areas
are also implicated in disordered impulsive choice and reward anticipation in ADHD [10,
11, 15, 71–73, 114].

Although it may be tempting to consider the LEW strain as a possible model for ADHD (at
least with regard to impulsive choice), it is critical to note that the WIS and the LEW strains
demonstrated high inter-individual variability in their impulsive choice behavior. Although a
review of the literature did not reveal any published reports of subpopulations within the
LEW strain, the present results suggested that this may be a possibility given the high inter-
individual differences observed.
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4.3. Overall summary and conclusion
The present research did not find support for considering the SHR strain as a model of
ADHD. SHRs did not make significantly more impulsive choices than WKY controls and
they did not show any deficits in adjusting to changes in magnitude or delay in comparison
to WKY in an impulsive choice task. Individual differences among rats within a strain
accounted for a significant proportion of the total variance in choice behavior and
contributed substantially more variance than the strain of the rat. The LEW rats did display
deficits in choice behavior, with robust effects on the delay task and more modest effects on
the magnitude task, suggesting their consideration as a possible model of at least some
aspects of ADHD, but further research will be needed to determine whether they are a viable
model. A major concerning factor revealed in the present study is the high inter-individual
differences in all strains of rats, which raises issues for using the SHR and LEW strains as
animal models because they may not be sufficiently homogeneous with respect to impulsive
choice behavior to be considered as viable models for disordered impulsive choice. In a
sense, this should not be entirely surprising given that neither of these strains have been
specifically bred for serving as models of ADHD.

Measures of hyperactivity, impulsivity and inattention are normally distributed in the
general population, and ADHD is regarded as the extreme end of these quantitative traits
[51]. There are two main approaches to examining impulsive choice behavior in ADHD
samples that could be applied favorably to animal model research. One approach is to
examine clinical populations in comparison to non-clinical controls. To develop an animal
model of clinical ADHD, one should aim to isolate important phenotypes by cross-breeding
individuals that show ADHD-like characteristics (based on sampling from a normal outbred
population), or by selective knock out of sets of relevant genes. Given that ADHD is a
heterogeneous disorder with subtypes that may consist of clusters of related deficits, more
than one animal model of ADHD will likely be needed [115]. To facilitate the identification
and selection of the relevant phenotype, numerous behavioral correlates of the disease need
to be measured within the same individual and clusters of related deficits identified. Future
animal model development should aim to promote robust behavioral tasks with
measurements designed to dissociate subtypes, or robust clusters of symptoms of ADHD,
using methods such as those used in the present experiment. Research in clinical populations
utilizing this approach can help guide development of appropriate animal models. A second
approach is to utilize population samples and examine individual differences at the
extremes, or across the entire population [13, 49, 51, 116]. With regard to animal studies,
attention should be paid to the heterogeneity of individuals within a strain [117], with
examinations of individual variation along the bias vs. sensitivity space to determine factors
that differentiate those individuals along quantitative dimensions that could serve as
candidate endophenotypes [6]. Regardless of which approach is used, extending both the
understanding of ADHD in human samples as well as developing animal models will be
arduous, although necessary given the prevalence of ADHD and the importance of
understanding the mechanisms that underlie impulsive behavior that is such an important
factor in the disorder.
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Highlights

• Two animal models of ADHD were assessed, spontaneously hypertensive rats
(SHR) and Lewis (LEW)

• The SHR strain did not differ from controls in their impulsive choice

• The LEW strain displayed increased choices of the smaller sooner option in the
delay manipulation

• The LEW strain should be evaluated as a possible animal model of disordered
impulsive choice
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Figure 1.
The percentage of choices made to the LL lever for the WKY and SHR strains. The left
column shows the data for the LL magnitude manipulation, while right column shows the
data in the SS delay manipulation. The top row displays the group means and the middle and
bottom rows show the box plots for each individual strain. The different phases in the LL
reward magnitude manipulation are labeled according to the number of pellets received on
the LL lever in each phase. In the SS delay manipulation, the different phases are labeled
according to the delay to the receipt of the SS reward in each phase. The LL delay was
always 30 s and the SS reward was always 1 pellet.
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Figure 2.
Percentage of choices made to the LL lever for the WIS and LEW strains during the LL
magnitude (left column) and SS delay (right column) manipulations. The top row displays
the group means and the middle and bottom rows show the box plots for each individual
strain.
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Figure 3.
Mean ± standard error of the mean (SEM) of the area under the curve (AUC) for the WKY
vs. SHR (top panel) and WIS vs. LEW (bottom panel) strains in the LL magnitude (M; filled
symbols) and SS delay (D; open symbols) manipulations.
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Figure 4.
Mean ± SEM of the slope of the discounting function for the WKY vs. SHR (top panel) and
WIS vs. LEW (bottom panel) strains in the LL magnitude (M; filled symbols) and SS delay
(D; open symbols) manipulations..
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Figure 5.
Mean (± SEM) of the percentage of LL choices during the first vs. second half of the session
for the WKY vs. SHR (top panel) and WIS vs. LEW (bottom panel) strains in the magnitude
(M; filled symbols) and delay (D; open symbols) manipulations.
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Figure 6.
Scatter plot of the AUC vs. slope for the LL magnitude (top panel) and SS delay (bottom
panel) tasks comparing all four strains. The horizontal axis shows different levels of self-
control; AUC values greater than 0.5 indicate more self-controlled choices (preference of
LL). The vertical axis displays different levels of sensitivity to the magnitude or delay
changes; higher values indicate greater sensitivity to change. Each quartile represents
different patterns of performance where the upper right quartile would contain the ideal
performance, which indicates generalized self-control bias coupled with good sensitivity to
change, and the lower left quartile is the least ideal pattern, which indicates generalized
impulsive bias coupled with poor sensitivity.
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