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Abstract

Time-based interventions have emerged as promising treatments for disorders associated with
impulsivity. These interventions can be implemented to test their efficacy in preventing or treating
impulsive choice in animal models of diseases related to impulsivity such as drug abuse. Impulsive
choice is typically defined as choosing a smaller-sooner (SS) reward over a larger-later (LL)
reward when the LL is relatively more optimal. Previous research has shown that these
interventions promote LL choices in males and females, but sex differences have not been
assessed. Because sex differences can complicate the application of therapies, it is critical to
compare the effects of the intervention in males and females. The intervention group received
exposure to 10-s and 30-s interval schedules, and the control rats received no delay to reward.
Different impulsive choice tasks were used to assess the intervention efficacy across the two
experiments. Following the intervention, reductions in impulsive choice were found in male and
female rats, but the degree of improvement was inconsistent across sex and task. Bayesian
analyses that combined the results revealed robust evidence of an overall intervention effect with
the intervention group showing greater self-control, but there was no evidence for the intervention
affecting males and females differently. Taken together, these results suggest that time-based
interventions are effective tools to treat impulsivity in both males and females and offer promising
translational capability to humans.
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Introduction

Heightened impulsive choices are associated with multiple maladaptive behaviors such as
substance abuse [1-5], gambling [6], and eating a poor diet [7, 8]. Impulsive choice is a
stable trait [9] that is associated with diseases such as Attention-Deficit/Hyperactivity
Disorder [10-12] and has been suggested to operate as a trans-disease process [13, 14]. To
measure impulsive choices, individuals are presented with choices between smaller rewards
available sooner (SS) and larger rewards available later (LL) and the impulsive choice is the
sub-optimal SS [15, 16]. Given the trans-disease nature of impulsive choice, it is critical to
develop effective interventions that promote self-control.

Impulse control disorders such as Attention-Deficit/Hyperactivity Disorder (ADHD) may
potentially arise because of errors in time perception [17-19] by overestimating delays [19,
20] or through poor temporal precision [21-23]. Poor timing of delays may lead impulsive
individuals to avoid longer delays, known as delay aversion [24-26]. Delay aversion may
cultivate further temporal processing deficits because avoiding delays limits experience with
longer time periods, which decreases the ability to learn those delays [27]. Along similar
lines, individuals with impulsivity may have a low tolerance for waiting for extended periods
of time, also known as delay intolerance. The inability or unwillingness to wait may result in
more impulsive choices [26, 28]. Although the mechanism(s) underlying impulsive choices
remains a debate, time-based interventions have a robust and successful history of increasing
self-control.

Time-based interventions have been established in both young and middle-aged male rats
using a variety of different interval schedules including differential reinforcement of low
rate, fixed-interval (FI), variable-interval (V1), and delay exposure [4, 29-35]. While there is
some debate about whether timing [32, 33] or delay tolerance [35, 36] is the primary target
of the interventions, the interventions do significantly improve self-control. In addition, the
FI and delay exposure interventions lasted for several months [29, 31] and generalized to
multiple choice tasks [31], indicating both longevity and generalizability. However, the VI
intervention was not long-lasting, suggesting that interventions are most efficacious when
they involve exposure to fixed delays [31]. Overall, time-based interventions are a successful
treatment for impulsivity in male rats [30, 35, 37, 38]. However, only one study has
measured the effects of an FI intervention in a group of females and found reduced
impulsive choices and some improvements in timing processes, but there were no
comparisons with males [39].

The success of time-based interventions appears to generalize to humans, suggesting that
research evaluating any differences in efficacy between sexes is needed. Typically,
individuals receive interventions with fading (progressively increasing or decreasing) SS or
LL delays within an impulsive choice task. Exposure to delays increases LL choices in
children with ADHD [40, 41], children and adults with developmental and/or intellectual
disabilities [42—44], children and adults with severe behavior disorders [45] as well as
typically-developing children [28]. While some of these studies included female
participants, the efficacy of the interventions in each sex was not investigated. Few studies
have directly tested time-based interventions in both sexes despite evidence that men and
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women may differ in impulsivity [46, 47]. For example, women show greater impulsivity
with hypothetical rewards compared to men, but men are more impulsive when making real-
money choices compared to women [47]. These differences in impulsive choice suggest that
time-based interventions may affect males and females differently.

Despite the reported sex differences in impulsive choice, to our knowledge no previous
studies have tested sex as a biological variable regarding intervention efficacy. Interventions
could potentially operate differently in males and females if their impulsive choices are
driven by different factors such as immediacy biases, sensitivities to delay, or magnitude
discrimination. The current pair of experiments investigated intervention efficacy in male
and female rats. In addition, an ancillary goal of Experiment 2 was to develop high
throughput choice and timing tasks to assess intervention efficacy in males and females
under conditions of more limited observations, which may be useful for future
neuroscientific investigations to assess sex differences. Taken together, these studies offer
specific mechanisms to further target when developing effective interventions for males and
females to decrease impulsivity associated with animal models of impulse control disorders.

2. Method

2.1. Animals

The subjects used in each experiment were 24 male and 24 female experimentally-naive
Sprague Dawley rats (Charles River, Kingston, NY). The sample sizes were determined
based on previous intervention studies from our laboratory in male rats, in which sample
sizes of 12 per group were sufficient to reliably detect intervention effects with observed
power levels over 80%. The rats arrived at Kansas State University at 21 days of age. They
were pair-housed and maintained on 12-hr light:dark schedule (lights off at approximately 7
am) and were tested during the dark phase of the cycle. There was ad libitum access to water
in the home cages and experimental chambers. The experiments were approved by the
Institutional Animal Care and Use Committee at Kansas State University and all
experiments were performed in accordance with relevant guidelines and regulations.

2.2. Procedure

Figure 1 shows the timeline of Experiments 1 and 2.

2.2.1. Magazine and lever press training.—Initial training consisted of training to
eat from the food cup (1 session) and press the levers (4 sessions). Food cup training
involved the delivery of food pellets on a random-time 60-s schedule. During lever training,
rats received 20 food pellets on each lever on a series of schedules over the session: fixed
ratio 1 — random ratio 3 — random ratio 5.

2.2.2. Time-based intervention.—Rats were randomly assigned to two groups (n= 12
males and 12 females each) — FI or ND (No Delay).

2.2.2.1. Fixed Interval (Fl) intervention.: The Fl intervention [33] involved separate
training on FI 10-s and FI 30-s schedules in a counterbalanced order. A single lever was
inserted, and a response initiated the delay. The first response after the delay resulted in one
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food pellet on the FI 10 and 2 pellets on the FI 30. The inter-trial interval (ITI) lasted 60 s.
The FI 10 s was delivered on the SS lever from the choice task and the FI 30 s was delivered
on the LL lever from the choice task. The sessions lasted until 100 total reinforcers were
earned or 2 hours elapsed. The intervention consisted of 45 total sessions: 15 for the SS lever
and 30 for the LL lever to equate the number of trials on each lever.

2.2.2.2. No Delay (ND) control.: The ND control received an identical task to the FI
group except that there was no programmed delays to food on either lever [4, 31]. They were
exposed to a FR 2 schedule on both levers to match the minimum response requirement on
the FI. The ITI for the ND task was 70 or 90 s to match the FI 10 or 30 s (plus the 60-s ITI)
so that the rate of reinforcement matched the FI schedule. The 70-s ND was delivered on the
SS lever for 1 pellet and the 90-s ND on the LL lever for 2 pellets.

2.2.3. Post-intervention testing.—Following the intervention, the rats in Experiment
1 completed the impulsive choice task. Rats in Experiment 2 completed a peak task and
extended and shortened impulsive choice tasks (Figure 1). In all three choice tasks, the rats
received a mixture of forced choice and free choice trials as in previous studies [33]. Forced
choice trials were identical to the FI intervention trials in all respects except that the SS
delay varied across sessions. On free choice trials, the rats were simultaneously presented
with the SS and LL levers. A choice response on one lever retracted the opposite lever and
initiated the delay. The remainder of the trial was the same as a forced choice trial. The
impulsive choice task in Experiment 1 included peak trials, which involved presentations of
the SS or LL lever and were the same as forced choice trials except that there was no food
delivery and the lever remained inserted for 90 s.

2.2.3.1. Impulsive choice task (Experiment 1).: Rats chose between the SS and LL with
manipulations of SS delay across blocks of 10 sessions each: 5—10—20 s. In total this task
lasted 30 sessions. Each session was comprised of randomly intermixed trials: 48 free
choice, 12 SS forced choice, 12 LL forced choice, 3 SS peak, and 3 LL peak. Analyses of
the peak trials embedded in the impulsive choice task in Experiment 1 could not be
conducted as there were insufficient observations to yield stable peak functions.

2.2.3.2. Peak procedure (Experiment 2).: Following the intervention period, the rats
experienced a peak procedure. It consisted of 2 sessions, one session for SS and one session
for LL. Each session comprised 50% peak trials and 50% forced choice in a random order.
For a peak trial, the lever was inserted for 90 s and then retracted with no reinforcement. On
forced choice trials, the rats received the lever that was previously received with
reinforcement from the intervention period. This task was conducted to allow for the
analysis of the perceived timing for either SS or LL rewards. However, peak task analyses
are not included in the manuscript as the functions were generally very noisy and flat. One
day per delay with the 50% peak trials and 50% FI trials did not appear to be sufficient to
produce stable functions.

2.2.3.3. Extended impulsive choice task (Experiment 2).: This task was the same as the
impulsive choice task except that there was an added 30-s SS delay during a fourth phase
and peak trials were replaced by an additional block of forced choice trials that occurred at
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the start of each session. The task lasted for 40 sessions. The 30-s SS delay was added to
directly evaluate preference for the larger magnitude.

2.2.3.4. Shortened impulsive choice task (Experiment 2).: This task was used to
determine if the intervention effects on the extended impulsive choice task could be
replicated in a higher throughput task with fewer sessions and more delays. Rats received a
5-s SS delay for 4 consecutive sessions after which the SS delay increased each session:
7.5—10—15—20—>25—30 5.

2.2.3.5. Bisection task (Experiment 2).: A high throughput bisection task was conducted
to assess the rats’ ability to discriminate the delays received in the choice tasks following
their experience with the initial impulsive choice task. This task differed from more typical
bisection tasks in the following ways: (1) rats received longer durations that matched the
delays received in the choice task (most bisection tasks use delays in the 2-10 s range); (2)
the test trials were interweaved with training trials from the beginning rather than being
included following an acquisition phase; and (3) there were only four sessions of total
training and testing. Rats received a houselight cue on each trial that lasted for a short (10 s)
or long (30 s) duration after which two levers were inserted. A response on the correct lever
(e.g., left for short, right for long, counterbalanced across rats) resulted in food delivery,
whereas incorrect responses resulted in a 5-s ITI followed by a repetition of the previous
trial. Correction trials continued until a correct response occurred. Rats also received
nonreinforced intermixed test trials with signal durations of 10, 15, 20, 25, and 30 s to
generate a psychophysical function. There were no correction trials following test trials.
Sessions were composed of 4, 40-trial blocks that comprised 10 non-reinforced testing trials
(2 for each delay), 15 reinforced short anchor, and 15 reinforced long anchor trials. The task
lasted for a total of four 2-hr sessions. Unfortunately, we were not able to conduct analyses
on the bisection data because the functions were relatively flat and noisy, indicating that
bisection performance appears to require considerably more training to obtain stable
functions (even though the rats were already highly familiar with the delays).

3. Results

3.1

Experiment 1

Impulsive choices were analyzed using a repeated measures mixed effects logistic regression
[48] using MATLAB 2016A (The Mathworks, Natick, MA). Mixed effects models are the
recommended analytical approach in the fields of Psychology and Neuroscience [49]
because they increase generalizability to the population and reduce Type | error rates [49,
50]. The mixed effects regression models estimate fixed (group level variables) and random
effects (individual differences). The hypothesized effects were tested as fixed effects, and the
Akaike Information Criterion (AIC) was used to determine the best random effects structure.
When the random effects were highly correlated, a more parsimonious random effects model
was selected to avoid overparameterization [51, 52]. Categorical variables (group and sex)
were effects coded so that all tests were conducted relative to the grand mean of the data. SS
delay was coded as a continuous variable and scaled with two different intercepts: 0-s and
30-s delays [31, 39, 53]. The 0-s delay intercept predicted choices at a 0-s SS delay to assess
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the intervention effects on bias for immediacy. The 30-s delay intercept predicted
(Experiment 1) or analyzed (Experiment 2) choices at a 30-s SS delay where the SS and LL
were equal. This provided an assessment of the preference for the larger (2-pellet) reward in
the absence of any difference in delay. For all experiments, the fixed effects were tested in a
full factorial model with the variables of group (FI or ND), sex, and SS delay with intercept
as the random effect. The addition of a random intercept allows the intercept to vary across
individual rats. The slope (LL delay) was not included as a random effect because it was
significantly correlated with the intercept. A total of 29,494 choices were analyzed over the
last five sessions of each SS delay.

Figure 2 shows mean proportion of LL choices in the impulsive choice task. At the 0-s delay
intercept, females made more LL choices than males, #=3.62, p<.001, 6=0.71[0.33,
1.10], and the FI group made more LL choices than the ND group, t=4.04, p<.001, b=
0.80 [0.41, 1.18], but there was no interaction. At the 30-s delay intercept, the FI group
made more LL choices than the ND group, ¢=2.56, p< .05, = 0.51[0.12, 0.90], but there
was no sex difference. Thus, the intervention induced a preference for longer delays and
larger magnitudes as rats in the intervention group made more LL choices (relative to the
ND group) at both intercepts. Interestingly, there was no main effect of Sex on the 30-s
delay intercept suggesting that sex differences in impulsive choice behavior may be
localized to a reduced preference for immediacy in females (Figure 2).

The analysis of sensitivity to delay (slope) revealed that females had a shallower slope than
males, t=-5.38, p<.001, b=-0.52 [-0.71, —0.33], indicating that they were less sensitive
to delay than male rats. The FI group had a shallower slope than the ND group, ¢=-2.96, p
<.05, b=-0.29 [-0.48, —-0.10]. Finally, there was a significant Group x SS Delay x Sex
interaction, £=-3.35, p=.001, 6=-0.32 [-0.51, —0.13]. Post-hoc analyses revealed that FI
females (b= 6.50) had a significantly shallower slope than ND females (6= 7.72), FI males
(b=18.18), and ND males (6= 8.11). Thus, female rats showed significant improvement
following the intervention in reducing their sensitivity to delay, whereas males did not show
this effect.

Experiment 2

The last five sessions of each delay were analyzed for the extended impulsive choice task,
which included a total of 33,674 choices. The last session of the 5-s delay and all subsequent
sessions were analyzed for the shortened impulsive choice task, resulting in a total of 12,726
choices. The effect of the order of delivery of the impulsive choice tasks was tested as a
fixed effect in the full factorial model (Group x Sex x SS Delay x Order). In the extended
task, the only effect involving order was the 4-way interaction of Group x Sex x SS Delay x
Order. There was no overall effect of order or any other interactions. Adding order to the
model only made a small improvement in AIC. In the shortened task, there was an overall
main effect of order. However, adding order as a variable to the shortened task model made
the AIC value worse, indicating a poorer fit of the model to the data. Overall, it seems that
although there were some order effects, they did not interact with Sex or Group effects.
Therefore, the results included below are from the most parsimonious models that did not
include order as a fixed effect.
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3.2.1. Extended impulsive choice task.—Figure 3 depicts mean proportion of LL
choices in the extended impulsive choice task. At the 0-s delay intercept there were main
effects of Group, £=3.11, p=.002, 6= 0.47 [0.17, 0.76] and Sex, ¢= 3.56, p<.001, b=
0.53 [0.24, 0.83], indicating that the FI group and females made more LL choices than their
counterparts. There was a significant Group x Sex interaction, t=-2.82, p=.005, 6= -0.42
[-0.72, —0.13]. The FI males made significantly more LL choices at the intercept (6=
-2.49) compared to the ND males (6= -4.80), = 5.06, p<.001. However, the Fl and ND
females did not differ (br = —2.80; byp = —2.89), £=0.21, p=.835. There was no group or
sex effect at the 30-s delay intercept.

Analysis of choice function slopes showed that females were less sensitive to delay than
males, t=-12.92, p<.001, 6=-0.82 [-0.95, —-0.70]. The intervention reduced sensitivity to
delay with the FI group having shallower slopes than the ND group, £=-5.98, p<.001, b=
-0.38 [-0.50, —0.26]. A significant Group x SS Delay x Sex interaction, = 3.58, p<.001, b
=0.23[0.10, 0.35], revealed that the FI males had a significantly shallower slope (6= 6.12)
compared to the ND males (6= 7.34), 1= 6.05, p< .001. However, the Fl and ND females
did not differ significantly, although the FI group tended towards shallower slopes (&g =
4.94; byp = 5.24), t=1.96, p=.05.

Overall, male rats showed an intervention effect with less bias for immediacy and less delay
sensitivity, while the females did not. However, there were overall sex differences where the
female rats were less biased for the immediate reward and less sensitive to changes in delay
overall (Figure 3). There were no sex or intervention effects on preference for larger
magnitudes at the 30-s delay.

3.2.2. Shortened impulsive choice task.—Figure 4 displays mean proportion of LL
choices in the shortened impulsive choice task. At the 0-s delay intercept the FI group made
more LL choices than the ND group, ¢=2.26, p=.02, b= 0.43[0.06, 0.80], but there was no
sex effect. At the 30-s delay intercept, there were no significant main effects or interactions.
The slope analysis showed a significant Group x SS Delay effect, 1= -2.68, p=.007, b=
-0.24 [-0.42, —-0.06] that was due to shallower slopes in the FI group. There also was a
significant Sex x SS Delay effect, = -3.77, p<.001, b=-0.33 [-0.51, —-0.16] that was due
to shallower slopes in the female rats compare to the male rats. There was no Group x Sex x
SS Delay interaction.

Overall, the FI intervention was effective at reducing bias for immediacy and delay
sensitivity regardless of sex (Figure 4). In addition, females were less sensitive to delay than
males overall. There were no sex or intervention effects on preference for larger magnitudes
at the 30-s delay.

3.2.3. Inter-task correlations.—To assess whether there was cross-task reliability in
measuring choice behavior in individual animals, we assess the correlation between the
extended and shortened impulsive choice tasks on the common delays that were experienced
as well as the overall proportion of LL choices. There were significant inter-task correlations
at all delays and overall, and the correlations were stronger at longer delays, 75 = .37, rig = .
43, g = .46, r3g = .51, Iyyerall = 54, p< .01,
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3.3. Experiments 1 and 2: Bayesian Multi-Level Modeling

There was a nested replication of Experiment 1 in the Experiment 2 extended task which
created an opportunity to employ Bayesian modeling to examine the reliability of the
parameter estimates produced across the two experiments. This is particularly beneficial
given that Experiment 2 only partially replicated Experiment 1 as we can use the Bayesian
analysis to determine a better estimate of the true expected effect. Bayesian analysis
incorporates prior data to predict current data by including previous data as a prior
distribution, which is a set of values that represent what we already know about an effect.
For example, an original study suggests that treatment A increases outcome B. In another
study examining the same relationship between treatment A and outcome B, the previous
information about treatment A, specifically the estimate value and standard error of the
estimate from the original study, is specified as the prior distribution for treatment A in the
new study. The Bayesian analysis results in a posterior distribution of values that represent
the accumulation of information across studies. Unlike null hypothesis testing, we can use
results from previous experiments to give the statistical model as much information as
possible. Behind the scenes, likelihoods of observing the new data are calculated using
Markov chain Monte Carlo sampling. These likelihoods are the posterior probabilities,
which are combined with the prior probability specified in the prior distributions. The
combination of these probabilities results in a posterior distribution of each parameter
estimate that was informed by prior knowledge but not constrained to it. Researchers can use
the posterior distributions to understand the relative likelihood that each of the parameter
values generated the data. For further information about Bayesian data analysis, see [54] and
[55] for explanation and examples.

Parameter estimates and their standard errors from the impulsive choice model in
Experiment 1 were specified as the prior distributions for the impulsive choice model in
Experiment 2 (for the extended choice task) to indicate the strength of evidence for each
parameter value. This analysis examines the likelihood of observing interactions between
sex and intervention on impulsive choice behavior. Without a robust sex differences
literature to rely on, this analysis begins to compile critical evidence on differences between
males and females to develop a clearer picture of any sex differences.

3.3.1. Model specifications.—The 0-s delay intercept model was selected for Bayesian
analysis because of the sex differences in this model across experiments. Estimates and
standard error values from Experiment 1 were used as priors. For instance, the prior
specified for the main effect of SS delay was a normal distribution with a mean of 7.63 and a
standard deviation of 0.10. All effects followed this suit except for the Group x Sex
interaction. A normal distribution was specified with the model-derived estimate as the mean
but a standard deviation of 1. The Group x Sex effect was not significant in the original
model, so the standard deviation was specified as 1 to indicate uncertainty in the estimate.

The model formula, scaling, and coding structures entered into the Bayesian analysis were
the same as the 0-s delay intercept repeated measures logistic regression in Experiment 2
except that the priors from Experiment 1 were added to the model. Analyses were conducted
in the brms package in R [56]. The total number of iterations conducted by the model was
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4,500 over 3 chains, 3,000 of which were post-warmup samples. Specific hypothesis tests
were conducted to compare evidence for effects to 0 (no effect). The hypothesis tests
assessed each effect for evidence that it could be a null effect. This provides an index of how
robust and reliable an effect is likely to be with evidence ratios at or near 0 indicating highly
robust and reliable effects with strong evidence against the null hypothesis. Group, Sex,
Group x Sex, Group x SS Delay, SS Delay x Sex, and Group x SS Delay x Sex were tested
to investigate the evidence for each effect. Bayesian results can be illustrated with prior and
posterior distributions of estimated effect sizes. The degree of overlap in the prior and
posterior distributions indicates the degree of replicability across experiments. In other
words, overlap indicates that the previous experiment(s) and current experiment resulted in a
highly similar distribution of effect sizes. In many cases, the posterior distribution appears
narrower and more pointed compared to the prior distribution. This indicates that the
analysis resulted in more instances or higher relative density of the specific values
encompassed in the distribution suggesting increased certainty of the estimate effect value.
No overlap in distributions suggests the analysis resulted in values unlike those represented
by the prior distribution. In addition, posterior distributions centered around zero suggest
little to no evidence for the effect (i.e., an estimated effect size near zero). The Bayesian
model computes an evidence ratio based on the posterior distributions, which is the overall
likelihood that the effect’s estimate value is O (i.e., a null result). Larger evidence ratios are
more indicative of an overall null result.

3.3.2. Results.—Figure 5 shows prior and posterior distributions of the effect size
estimates. The FI intervention (Group effect) resulted in little evidence for the null at the 0-s
delay intercept (evidence ratio = 1.33). Figure 5A shows that the prior and posterior
distributions were nearly identical, which indicates strong replicability of Experiment 1
results in the Experiment 2 extended task. The hypothesis test on the Group x SS Delay
effect resulted in no evidence for the null hypothesis (evidence ratio = 0). Figure 5B depicts
the prior and posterior distributions for the Group x SS Delay interaction. The posterior
distribution was more pointed than the prior distribution suggesting increased certainty of
the estimate value. Posterior distributions for Group and Group x SS Delay effects did not
incorporate zero. Thus, the intervention robustly reduced preferences for the immediate
reward and sensitivity to delay, consistent with previous studies [31-33, 39].

Further hypothesis testing was conducted to examine sex differences in impulsive choice and
intervention efficacy. The hypothesis test on the Sex main effect resulted in some evidence in
favor of a null effect (evidence ratio = 6.25). The SS Delay x Sex effect resulted in almost
no evidence in favor of a null effect (evidence ratio = 0.1). The posterior distributions for
both effects did not incorporate zero. This indicates that females made more LL choices and
showed flatter slopes than males in both experiments (Figures 5C and 5D). The Group x Sex
test showed some evidence in favor of a null effect (evidence ratio = 2.22). The Bayesian
model found little evidence for the effect, as shown in the posterior distribution centered
around zero (Figure 5E). Finally, the Group x SS Delay x Sex effect showed strong evidence
in favor of a null effect (evidence ratio = 92.83). In Experiments 1 and 2, the three-way
interaction was significant, but this was not replicated in the Bayesian analysis. The three-
way interaction was driven by FI females in Experiment 1 and FI males in Experiment 2.
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This highlights that Bayesian models are not overly sensitive to prior information. The
Bayesian model found little evidence for the effect, as shown in the posterior distribution
which clearly incorporated zero. The Bayesian model confirms that the three-way
interactions in Experiments 1 and 2 were likely due to chance or to the influence of an
extraneous variable (Figure 5F).

4. Discussion

The present experiments sought to compare the efficacy of an FI intervention in promoting
self-control in male and female rats under different testing conditions. A Bayesian analysis
was used to compare the results from the common choice tasks used in Experiments 1 and 2
and provided insight into intervention and sex effects on impulsive choice. In Experiment 1,
the intervention was effective at promoting LL choices at the 0-s delay intercept and
reducing sensitivity to delay. Similar results were replicated in Experiment 2 with Bayesian
analysis confirming a robust intervention effect. This supports previous research suggesting
time-based interventions are effective at decreasing impulsive choices by reducing bias for
immediacy and sensitivity to delay [29-31, 33, 36].

Along with intervention effects on impulsive choice, the experiments examined sex as a
biological variable. In Experiment 1, the intervention reduced impulsive choice behavior in
females more so than in males. In the extended task in Experiment 2, the intervention
reduced impulsive choice in males but not in females. Bayesian analysis suggested that these
inconsistencies are likely chance effects, or to the influence of an unmeasured extraneous
variable, with the intervention robustly reducing impulsive choice regardless of sex. This
aligns with previous work done in our laboratory with single sex samples [31, 33, 39]. The
results are further supported by a strong intervention effect and a lack of a sex effect in the
shortened task in Experiment 2. Overall, it seems sex differences in intervention efficacy are
inconsistent and unreliable in rats. Further research examining intervention efficacy is
needed in male and female humans to better understand treatment outcomes when
translating time-based interventions to clinical settings. Previous literature suggests that
time-based interventions are successful in both sexes in humans [28, 40, 41, 44, 45], but it is
unknown whether the interventions may be effective to varying degrees in males and
females.

There do appear to be differences in overall impulsive choices between sexes. Experiment 1
and the extended task in Experiment 2 showed that females were less biased for immediate
rewards and were less sensitive to delay and the shortened task in Experiment 2 found they
were less sensitive to delay. Bayesian analysis confirmed that the differences in sensitivity to
delay between sexes were robust and reliable. This suggests that expression of sex
differences may be task-dependent. Interestingly, two previous studies indicated some
evidence for greaterimpulsivity in female rats and mice [57, 58]. Koot, van den Bos, Adriani
and Laviola [57] assessed impulsive choice in female and male mice in which the delay to
the SS reward was 0 s and the delay to the LL started at 0 s and increased by several seconds
each day up to 150 s. There were no overall sex effects on choice behavior. However, there
were two sub-populations of mice: some had steep functions and some had flat functions. In
the mice with steep functions, females showed greater SS preferences at longer LL delays
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compared to males. There were no sex differences in the mice with flat functions. This
suggests that female mice with high delay sensitivity drove the effects in their study.

van Haaren, van Hest and van de Poll [58] measured choices for 1 versus 3 pellets that were
experienced either both delayed (e.g., 6 s) or where the smaller reward was available after .1
or 6 s and the larger reward was associated with a longer delay. Female rats showed similar
preferences for larger magnitudes in the absence of differential delays, consistent with the
observations in the current Experiment 1. However, when the larger reward was delayed
relative to the SS, females tended to make more impulsive choices. This is inconsistent with
the present results. Their study involved a small sample size (4-8 per group) and did not
include formal statistical analyses, so it is not clear if these results were statistically
significant. There were considerable individual differences, particularly in the female rats
that may have contributed to the findings.

One key factor that may have contributed to the results is the experience with an immediate
SS reward. In Koot et al. the mice only experienced a 0-s SS delay, and in the van Haaran et
al. experiment the rats experienced both 0.1-s (effectively an immediate delay) and 6-s SS
delays. The females tended to show more impulsive choices in both cases. In the van Haaren
et al. study, the rats initially experienced non-differential 6-s delays to both rewards,
followed by a 0.1-s SS delay compared to a 6-s LL delay. It is possible that exposure to the
immediate delay may have introduced an impulsive choice tendency that persisted when the
SS was delayed in later phases. The current studies did not include an immediate reward but
instead estimated preferences for immediacy. Differences between experienced versus
estimated preferences for immediacy may be a fruitful area for future study.

Relatedly, several of the previous rodent and human intervention studies directly assessed
effects on impulsive choices with an immediate SS delay rather than estimating preferences
for immediacy. A 0-s delay, which is a few milliseconds in practice, would invoke the sub-
second cerebellar motor timing system, whereas delays in the seconds range would rely on
the interval timing system which involves the frontal-striatal loops [59-61]. Because interval
timing has been implicated as a potentially key factor in impulsive choices [19, 62-64], we
opted to focus on parameters that would maximize the reliance on the interval timing
system. However, impulsive choices to a 0-s SS do not predict choices when the SS is
delayed [65]. With regard to intervention effects, exposure to delayed rewards promotes LL
choices, but exposure to immediate delays have little effect on subsequent choices [30].
Thus, 0-s delay paradigms may invoke different processes that could complicate the
expression of sex effects on choice behavior. Further research is needed to understand how
these task differences can impact behavior in both sexes.

An additional goal of Experiment 2 was to develop high throughput tasks for measuring the
effects of the intervention on impulsive choice and timing. The shortened impulsive choice
task replicated the intervention effects on the long task (when ignoring sex as a variable) and
the two tasks were well correlated in Experiment 2. The shortened task collected
measurements at more delays, but with fewer observations per delay. This task could be
beneficial in experiments where limited testing may be necessary, such as in testing of
impulsive choices in conjunction with pharmacological or neurobiological manipulations.

Behav Brain Res. Author manuscript; available in PMC 2021 February 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Panfil et al. Page 12

Regarding timing measurements, the high throughput peak and bisection tasks in
Experiment 2 yielded noisy flat functions. This is interesting given that the rats had already
experienced the delays from these tasks both in the intervention and impulsive choice tasks.
The choice behavior indicates that the rats had learned the delays, and previous research
with these tasks has also verified that rats time the delays within choice tasks to a good
degree of accuracy and precision [33]. The results of Experiment 2 suggest that quality
timing assessments require considerably more data than what we were able to obtain here,
perhaps due to the inherent noise in the timing system which may create challenges in
analyzing timing data with limited observations [66].

In summary, the experiments utilized three tasks to assess the intervention effects on
impulsive choice. The intervention was successful at reducing impulsive choice in all tasks,
and the Bayesian analysis indicated that the effects were robust and reliable regardless of
sex. This is important as it indicates that the intervention can be successfully applied to
animal model research in both sexes. These experiments provide a good foundation for
further research examining the psychological and physiological mechanisms that the
intervention targets along with how such mechanisms interact with the intervention’s
potency. Pinning down these mechanisms could provide diagnostic criterion allowing the Fl
intervention to be tailored to individual treatment needs. Overall, the present experiments
provide a strong foundation for time-based behavioral interventions to improve impulsive
choice in male and female rats.
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Highlights
. Male rats made more impulsive choices overall than female rats
. The time-based intervention reduced impulsive choices
. Efficacy of the intervention did not differ consistently between males and

females
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Figure 1.

Timelines of Experiments 1 and 2. Both cohorts of rats received the same magazine, lever
press, and intervention training. Rats in Experiment 1 completed the standard impulsive
choice task while rats in Experiment 2 completed shortened and extended versions in a

counterbalanced order.
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Proportion of LL choices in the impulsive choice task. The log odds are included on the

secondary axis as a reference for interpreting the b values. The error bars are +/— one

standard error of the mean determined from the error estimates in the regression model.
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Figure 3.
Proportion of LL choices in the extended impulsive choice task. The log odds are included

on the secondary axis as a reference for interpreting the 6 values. The error bars are +/- one
standard error of the mean determined from the error estimates in the regression model.
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Figure 4.

Proportion of LL choices in the shortened impulsive choice task. The log odds are included
on the secondary axis as a reference for interpreting the 6 values. The error bars are +/- one
standard error of the mean determined from the error estimates in the regression model.
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Posterior and prior distributions of hypotheses.
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