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ABSTRACT

Temporal Bisection and Effects of d-Amphetamine Administration in Lewis and Fischer 344
Rats

Marissa Turturici

Temporal control concerns the discrimination of intervals of time. Individuals with various
psychological disorders have shown differences in temporal control when compared to control
populations. It is unknown whether and how temporal control might be linked with impulsivity,
another measure that predicts problem behavior such as attention-deficit/hyperactivity disorder.
Because Lewis (LEW) rats reliably show greater impulsive choice relative to Fischer 344 (F344)
rats, the present study examined responding in these two strains under a temporal-bisection
procedure that assesses temporal control. In the temporal-bisection procedure, rats are trained to
discriminate between two durations. Intermediate durations are subsequently presented to
determine the duration at which responding is nearly equally distributed between the original
training durations. This duration is the bisection point. Because LEW rats show greater
impulsive choice, it was hypothesized that LEW rats would show overestimation of duration
(shorter bisection points). This effect would indicate that the subjective experience of duration,
or delay, is longer for LEW rats. Results indicated that LEW rats’ bisection points were shorter
on average than F344 rats’ bisection points in the baseline phase of the experiment. The baseline
difference between LEW and F344 was not replicated during a subsequent phase of the
experiment, but LEW and F344 rats did show differential effects of d-amphetamine on behavior
during select conditions and doses. Effects of d-amphetamine replicated previous studies that
showed apparent loss of stimulus control with increasing d-amphetamine doses, as opposed to
underestimation or overestimation of temporal duration. The results generally add to the
evidence supporting a link between impulsivity and temporal control.
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Running head: TEMPORAL BISECTION IN LEWIS AND FISCHER 344 RATS 1

Temporal Bisection and Effects of d-Amphetamine Administration in Lewis and Fischer 344
Rats

Stimulus discrimination occurs when an organism responds differentially in the presence
of one environmental context over another. Operant-conditioning chambers illustrate this process
when they are arranged to produce reinforcement when a rat presses a lever. Constraints can then
be added to this contingency to further specify the conditions under which reinforcement occurs.
One example constraint might specify that lever presses produce reinforcement only when a light
above the lever is lit. Conversely, when this light is off, lever presses would have no
consequences. Initial exposure to these conditions will result in undifferentiated lever pressing
regardless of the light’s status, but eventually, lever pressing will cease when the light is turned
off and resume when the light is turned on. When such responding occurs reliably, stimulus
discrimination has occurred between the light-on and light-off stimuli, and the behavior is under
stimulus control. Organisms discriminate between wide arrays of stimuli across multiple
dimensions. When the stimuli discriminated are durations of time, behavior is said to be under
temporal control.
Temporal Control in Humans

Temporal control can be categorized according to the length of the interval controlling
behavior. Most commonly, this categorization comprises two types of timing: circadian and
interval. Circadian timing concerns durations approximately 24 hr in length, around which
mammals usually exhibit cyclical behavioral patterns (Golombek & Rosenstein, 2010; Hinton &
Meck, 1997). In contrast, interval timing concerns temporal control that occurs in the seconds-to-
minutes range. Deficits in either type of temporal control are associated with various

psychological disorders in humans.



TEMPORAL BISECTION IN LEWIS AND FISCHER 344 RATS 2

There is evidence to suggest that poor temporal control is implicated in bipolar disorder.
Although most studies have focused on the role of circadian intervals in bipolar disorder, there is
evidence that interval timing may also be disrupted. Compared to control participants, Tysk
(1984) demonstrated that manic participants overestimated interval durations, whereas
underestimation was evident in subsets of depressed participants. In contrast, another study
found that both depressed and manic individuals overestimated temporal intervals compared to
control participants (Bschor, Ising, Bauer, Lewitzka, Skerstupeit, Miller-Oerlinghausen,
Baethge, 2004). These results conflicted with self-reports that showed a subjective lengthening
of time in depressed participants and a subjective shortening in manic participants. Therefore,
deficits in temporal control may not necessarily be in line with the subjective experience of time.
It is also possible that temporal control deficits result in increased variability of temporal
estimates in both directions (overestimation and underestimation), as bipolar participants have
also shown higher variability in reproduction of temporal intervals compared to control
participants (Bolbecker, Hong, Kent, Forsyth, Klaunig, Lazar...& Hetrick, 2011).

Other neurological and psychological disorders exist that correlate with deficits in
temporal control. These disorders have also manifested with overestimation, underestimation, or
increased variability in temporal estimates. Reviews of the role of temporal control in several
disorders, including Parkinson’s disease and schizophrenia, have been outlined in Teixeira et al.
(2013), and Buhusi and Meck (2005). Children with attention-deficit/hyperactivity disorder
(ADHD; Smith, Taylor, Warner Rogers, Newman, & Rubia, 2002) have shown impaired
discrimination of temporal intervals that differ by 100-300 milliseconds, compared to control
children. Children with ADHD are also prone to underestimation on tasks that assess temporal

control (Smith et al., 2002), as are children with hyperactive behavior in general (Sonuga Barke,
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Saxton, & Hall, 1998). Dyslexia, which is highly comorbid with ADHD, also correlates with
lower accuracy on a temporal estimation task in both children (Nicholson, Fawcett, & Dean,
1996) and adults (Hari & Kiesila, 1996).

Many of the neurological and psychological disorders above are either directly rooted in
dopamine dysfunction (as in Parkinson’s disease, see Dauer & Przedborski, 2003) or carry strong
evidence to suggest that they relate to dopamine transmission (for schizophrenia, see Ross,
Margolis, Reading, Pletnikov, & Coyle, 2006; for bipolar disorder, see Ashok et al., 2017; for
ADHD, see Hulst et al., 2017). Dopaminergic drugs are commonly used as therapeutic agents in
these disorders. Therefore, it is possible that dopaminergic drugs alter or improve temporal
control, which in turn may affect other symptoms. Such other symptoms can include behavioral
problems such as impulsivity, which is quite common in individuals with ADHD.

The Diagnostic and Statistical Manual of Mental Disorders (DSM-V) includes
“hyperactivity-impulsivity” as one of the criteria for diagnosis in ADHD (American Psychiatric
Association, 2013). Hyperactivity/impulsivity symptoms in the DSM-V include those such as
fidgeting, inability to remain still, talking excessively, or responding out of turn. Thus,
responding too early, which is termed “motor impulsivity,” “behavioral disinhibition,” or
“impulsive action,” is often present in these individuals (Schachar, & Logan, 1990, see
Winstanley, Eagle, & Robbins, 2006, for a review). Impulsivity of a second kind, often termed
“impulsive choice,” or “delay discounting” tends to occur more often in individuals with ADHD
as well. That is, individuals with ADHD choose smaller, sooner reinforcers over larger, more
delayed reinforcers more so than individuals without ADHD (Sonuga-Barke, Taylor, Sembi, &

Smith, 1992; see Winstanley et al., 2006, for a review). Because individuals with ADHD exhibit
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poor temporal control, impulsivity, and likely dopaminergic dysregulation, it is quite possible
that these three characteristics are somehow linked.

It has been hypothesized that both motor impulsivity and impulsive choice involve poor
temporal control (Rubia, Halari, Christakou, & Taylor, 2009). In motor impulsivity, a response is
made before a specified interval has elapsed, perhaps due to perception of the interval as longer,
which may be in the range of milliseconds. Assessment of impulsive choice involves the
presentation of two response alternatives: a small, immediate reinforcer and a larger, delayed
reinforcer. Thus, intolerance to long delays, or an impaired estimation of the length of delays has
been proposed to account for impulsive choice (Winstanley et al., 2006).

Assessments of the relation between temporal control and impulsive choice in humans
have shown mixed results. Baumann and Odum (2012) found that shorter judgments of duration
correlated with fewer impulsive choices, and longer judgments correlated with more impulsive
choices. Thus, individuals who overestimate the duration of stimuli may be more likely to make
impulsive choices. While this explanation is most intuitive (the duration seems longer, so an
individual is less likely to wait for a larger reward), others have shown different results.
Reynolds & Schiffbauer (2004) demonstrated that sleep-deprived individuals made more
impulsive choices compared to control participants, and they underrepresented intervals when
they were required to reproduce them. Barkley, Edwards, Laneri, Fletcher, & Metevia (2001)
demonstrated that while adolescents with ADHD made more impulsive choices and made more
errors on a temporal-reproduction task than control adolescents, their errors were not
systematically classified as errors of overestimation or underestimation. Adolescents with
ADHD in this study were simply less accurate. In addition, these adolescents did not differ from

control adolescents in a temporal-estimation task, which required participants to report an
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estimate of the duration immediately after it has elapsed, rather than to reproduce it. Toplak,
Dockstader, & Tannock (2006) provide a review of several studies that show differences
between individuals with ADHD and those without on timing tasks which echoes these mixed
results. Therefore, it is unclear whether underestimation, overestimation, or a lack of control by
temporal intervals, predicts impulsive choice or any given disorder associated with it.
Nonhuman Animal Studies

The study of temporal control in nonhuman animals provides a robust way to assess how
temporal control relates to genetic and environmental factors. Several procedures have been
developed to assess accuracy and precision of temporal control in nonhuman animals.

Fixed-interval schedules. One of the first demonstrations of temporal control occurred
when Skinner (1938) examined behavior on fixed-interval (FI) schedules. An FI schedule
presents a reinforcer contingent on the first response that occurs following a specified interval of
time. Responses before this time interval elapses are counted, but do not have any other
programmed consequences. Skinner demonstrated that response rate on FI schedules increases as
the time to reinforcement approaches. Schneider (1969) went on to show that quarter-life, or the
point at which 25% of responses on a given trial are made, is proportional to the length of the
fixed interval. These were among the first studies to demonstrate that organisms vary behavior
according to time, and that behavior under temporal control is proportional to the relevant
interval of the controlling contingency.

Peak-interval procedure. The peak-interval procedure presents sessions composed of a
majority of FI trials, but with random, non-reinforced trials inserted (Catania, 1970; Roberts,
1981). These “peak trials” are double in length to the fixed-interval trials. Typical response

patterns on peak trials first show the characteristic FI pattern of responding, in which response
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rate increases until the point at which reinforcement is usually delivered. Then, response rate
peaks around the value of the fixed-interval length, and subsequently decreases, forming an
inverted-u-shaped curve, or “low-high-low” pattern. Like quarter-life, this “peak time” is
proportional to the length of the FI. The quarter-life also denotes the start of responding during
both peak- and fixed-interval trials. Peak spread, a measure of the width of the peak, increases in
proportion to the length of the FI (multiplicatively), rather than in absolute value to it. Thus, the
Fl and peak procedures provide evidence that responding is governed by relative, rather than
absolute differences in temporal stimuli.

Temporal bisection. In another procedure using pigeons, Stubbs (1968; Experiment 1)
presented discrete trials in which two keys were available concurrently. Pecks to a key of one
color (red or green) were considered correct if the duration of the light was between 1 and 5 s
(short) while pecks to the other colored key were considered correct if the duration of the light
was between 6 and 10 s (long). Every correct response produced a conditioned reinforcer (0.5 s
illumination of the feeder light), while every sixth correct response also produced food. Each of
the ten durations (1-10 s) had an equal probability of occurrence on any given trial throughout
the session. This procedure is called the temporal-bisection procedure, which will henceforth be
referred to as the bisection procedure throughout the text. Using the bisection procedure, Stubbs
found that the point at which the probability of a long response was 50% was approximately 3 s.
This measure of temporal control is called the bisection point (Church & Deluty, 1977), or point
of subjective equality. In other words, the bisection point shows the duration at which responding
on either alternative (short or long) was equally probable. The bisection point of 3 s found in
Stubbs (1968; Experiment 1) was near the geometric mean of the shortest (1 s) and longest (10 s)

stimulus durations (3.16). The geometric mean is determined by multiplying a set of values and
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taking the nth root, where n is the sample size of the set of values. In contrast to the arithmetic
mean, (determined by summing the set of values and dividing by their sample size), the
geometric mean may be preferred for its multiplicative aspect that results in a reduction of the
influence of outliers on the mean. To translate its relevance to temporal control, the
correspondence of the bisection point to the geometric mean indicates that temporal control
depends on the relative (multiplicative) differences between stimuli, rather than the absolute
(additive) differences. Therefore, Stubbs (1968; Experiment 1) corroborated the finding that
temporal discrimination is governed by the relative, rather than absolute differences between
temporal stimuli.

In another variation of the bisection procedure, Stubbs (1976) used a free-operant
procedure involving a response key and a changeover key rather than two response keys. When
the response key was green, a response made to that key was considered a “short” response, and
when the response key was red, a response made to that key was considered a “long” response.
The changeover key changed the color of the response key when pecked. Responses could be
made throughout the trial. However, reinforcement was scheduled only for responses occurring
at either one of two intervals: short (e.g., 2-4 s) or long (e.g., 60-64 s). The length of the intervals
and the trials varied across conditions. The time at which responding was equally distributed
between red and green keys (the bisection point) fell again near the geometric mean.

The bisection point was also shown to occur at the geometric mean of two intervals in
rats (Church & Deluty, 1977). During training, responses on the left lever were reinforced if the
sample duration was long, while responses on the right lever were reinforced if the sample
duration was short. Intermediate durations were then introduced in the testing phase of the

experiment. In testing, the original sample durations occurred 25% of the time, while the
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remaining durations were intermediate. Only responses to the original sample durations produced
reinforcement. Church and Deluty (1977) then compared bisection points to the arithmetic,
harmonic, and geometric means. The geometric mean again accounted for the most variance in
the bisection point.

None of the temporal-bisection experiments listed thus far demonstrated that behavior
was controlled by both the short and the long intervals, though the interpretation of the results
rested on this assumption. In a similar procedure to Stubbs (1976), Platt and Davis (1983) ruled
out the possibility that the short interval alone was controlling the change in responding by
varying the length of the short interval while holding the long interval constant and vice versa.
Similar results were obtained in which the bisection point was found to lie at or near the
geometric mean, demonstrating that both intervals acquire temporal control over behavior in the
bisection procedure. Thus, in each of the bisection experiments noted above, the probability of
the “long” response increased as a sigmoidal function of the sample duration, with 50%
probability of a “long” response (the bisection point) corresponding with the geometric mean of
the sample duration. This sigmoidal function is also referred to as the psychophysical function.

A hypothetical psychophysical function is presented in Figure 1. In the present study, a
cumulative Gaussian function was used to fit the data with two free parameters. The mean, or
bisection point (), shows the point of subjective equality between the two durations, when
responding on the long and short alternatives is equally probable. Shifts of the bisection point to
the left represent faster timing, and potential overestimation of stimulus duration. Shifts of the
bisection point to the right represent slower timing, and potential underestimation of stimulus
duration. The second free parameter, the standard deviation, represents the slope of the function

(0), and is considered a measure of stimulus control or sensitivity. For example, functions with



TEMPORAL BISECTION IN LEWIS AND FISCHER 344 RATS 9

shorter standard deviations display data from less varied responses across stimulus durations,
thus reflecting more precise stimulus control.
Procedural Variations in Temporal Bisection

Intertrial intervals (ITIs). There is evidence that temporal control may be affected by
small procedural variations. For example, Raslear, Shurtleff, and Simmons (1992) found that
increases in the ITI, which co-occurred with decreases in reinforcement rate, altered sensitivity
of the temporal discrimination on a bisection task. Sensitivity was a quantitative measure of
accuracy ranging from complete accuracy to responding at chance levels or below. Sensitivity
was greatest at a 5-s ITI and lowest at a 20-s ITI. Decreasing the ITI below 5 s lowered
sensitivity. Raslear et al. (1992) also examined effects of ITI length on bias to respond on the
short or long alternative. Bias toward the long response was more apparent with longer ITIs. The
bias for each rat appeared to coincide with the lever that produced more reinforcement, but when
analyzed statistically, the trend was not significant. That is, the larger bias to respond on the
long-duration lever when ITIs were also long could not fully be explained by a higher obtained
relative reinforcement rate associated with that lever. Because each trial length was fixed at 100 s
in the current study, there was no potential effect of the ITI on the rate of reinforcement. In
addition, trials were randomly distributed throughout the session, eliminating any potential
possibility that any given ITI duration might act as a cue for the upcoming stimulus duration. It is
possible that responses on trials following long ITIs differed from responses on trials following
short ITIs, but the random distribution of trial types ensured that any effect on the results was not
systematic.

Correction for inattention. The time between the start of a trial and the response is

known as the latency to the response. Maricq, Roberts and Church (1981) and Maricq and
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Church (1983) corrected for responses with long latencies (longer than the mean, and longer than
5 s, respectively) by omitting them from the psychophysical functions. Church & Deluty (1977)
also corrected data by using the error responses on the stimulus anchors (long and short) to
estimate the total errors that might be attributed to a side bias or inattention. Other authors (e.g.,
Odum, Lieving & Shaal, 2002) have questioned whether or not these types of corrections
account for the leftward shifts in the psychophysical functions observed when dopaminergic
drugs are administered. The rationale for removing responses with longer latencies is that they
may be associated with errors, inattention, or both. Thus, uncorrected data may result in flatter
functions due to more errors represented in the function. For example, for a procedure that trains
discrimination between 2-s and 8-s, a “long” response to a 2-s stimulus would be considered
incorrect. Should this response also have a long latency, it would only be represented in the
function if it were not corrected. Compared to corrected data, inclusion of this error would result
in an increase in the left tail, and a flattening of the function. Because it is unclear whether
correcting data could alter results, both uncorrected and corrected data were calculated in the
present study.
The Role of Dopamine in Temporal Control

As noted above, dopamine is involved in both temporal control and impulsive choice.
Dopaminergic agonists, such as d-amphetamine (d-AMP) and methamphetamine increase the
availability of extracellular dopamine (Kuczenski & Segal, 1997). d-AMP decreases impulsive
behavior in humans (de Wit, Engasser, & Richards, 2002) and rats (Huskinson & Anderson,
2012; Huskinson, Krebs, & Anderson, 2012; Cardinal, Robbins, & Everitt, 2000; Wade, deWit,
& Richards, 2000). d-AMP and related compounds are often prescribed to individuals with

ADHD.



TEMPORAL BISECTION IN LEWIS AND FISCHER 344 RATS 11

There have been some mixed results on the role of dopaminergic drugs in choice and
timing. In rats, when the peak procedure is used, studies have generally shown that peak
response rates shift to the left when dopaminergic agonists are administered (Chiang et al., 2000,
Experiment 1; Maricq, et al., 1981, Experiments 1 & 2; but see Bayley, Bentley, & Dawson,
1998). A peak shift to the left indicates an overestimation of the length of time that has passed
since the trial began.

In the bisection procedure, some studies have shown that the psychophysical function and
bisection point shift to the left when dopaminergic agonists are administered to rats (Cheng,
MacDonald, & Meck, 2006; Maricq et al., 1981, Experiment 3; Maricq & Church, 1983). A shift
to the left indicates that dopaminergic agonists produce a subjective increase in the speed of time
resulting in overestimation of the length of time that has passed. However, other studies have
shown a flattening of the psychophysical function following administration of dopaminergic
agonists that was not accompanied by a shift in the function (McClure et al., 2005; McClure,
Saulsgiver, & Wynne, 2009; Odum & Ward, 2007), although these studies used pigeons as
subjects. A flattened function without a change in the bisection point typically indicates a general
unsystematic pattern of behavior, or the loss of control by temporal stimuli, rather than
underestimation or overestimation of time. Administration of dopaminergic antagonists, which
reduce the availability of dopamine, has produced a shift to the right in the psychophysical
function (Maricq & Church, 1983; Meck, 1986).

Cevik (2003) demonstrated that methamphetamine’s effect on the bisection point was
dependent upon on the time that the bisection procedure began. Longer wait times between drug
administration and the start of the bisection procedure altered results. When the procedure

occurred 20-100 min after injection, the psychophysical function was flattened without a shift,
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but when the procedure occurred 100-180 min following the same dose, the function shifted to
the left. One limitation of this study is that it did not employ a parametric design testing several
doses of the drug. Thus, the results are likely due to pharmacokinetic effects. That is, a large
amount of methamphetamine was likely eliminated after 100 min due to the relatively short half-
life of methamphetamine in the rat (approximately 70 min; Cho, Melega, Kuczenski, & Segal,
2001).

Similar to studies that have examined effects of dopaminergic drugs on temporal control,
some studies have shown mixed results regarding the efficacy of dopamine agonists at reducing
impulsive choice. For example, Huskinson et al. (2012) found that d-AMP’s effects on impulsive
choice depended on rat strain. If impulsivity stems from poor temporal control, it may be the
case that d-AMP’s effects on temporal control also depend on genetic factors, which can be
studied using different rat strains.

Lewis and Fischer 344 Rats

The Lewis (LEW) and Fischer 344 (F344) rat strains are often used to study impulsivity.
These genetically different strains also tend to display differences in impulsivity. For example,
LEW rats make more impulsive choices than F344 rats in a delay-discounting procedure
(Anderson & Diller, 2010; Anderson & Woolverton, 2005; Huskinson et al., 2012; Stein,
Pinkston, Brewer, Francisco, & Madden, 2012), and also make more premature responses in a
procedure measuring motor impulsivity (the Five Choice Serial Reaction Time Task; Hamilton,
Potenza, & Grunberg, 2014). LEW rats also have less extracellular dopamine and fewer
dopamine transporters in several brain areas than F344 rats (Flores, Wood, Barbeau, Quirion, &
Srivastava 1998). These behavioral and physiological differences have prompted research

concerning the LEW rat as a potential animal model of ADHD (Garcia & Kirkpatrick, 2013).
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Studies involving humans have shown that more impulsive choices on a delay-
discounting procedure correlate with shorter judgments of interval length (Baumann & Odum,
2012; Reynolds & Shiffbauer, 2004). This result has also been shown in individuals with ADHD,
who more commonly show impulsive choice and inaccurate temporal control. For example,
some studies comparing children with ADHD to children without ADHD have shown greater
delay discounting correlates with inaccurate temporal control either by underestimation or
overestimation (e.g., Barkley et al., 2001; Smith et al., 2002). Thus, it is unclear whether altered
temporal control in ADHD necessarily manifests as underestimation of intervals or a general
lack of stimulus control or precision.

A similar question has been raised in animal research, where the LEW rat has shown
wider peak times (less precise temporal control) than the Sprague-Dawley rat, but has not
necessarily shown underestimation or overestimation (Smith, Marshall, & Kirkpatrick, 2015;
Experiment 3). Still, impulsive choice was evident in LEW rats in Smith et al. (2015), where
LEW rats made more impulsive choices in Experiment 3 compared to Sprague-Dawley rats used
in Experiment 1 and 2. Procedures were also implemented to reduce impulsive choice across all
strains. The procedure used in both Sprague-Dawley and LEW rats involved 30 sessions of
training on FI or variable-interval (V1) schedules. Following this training, impulsive choice was
significantly reduced overall in Sprague-Dawley, but not LEW rats. LEW rats only showed a
reduction in impulsive choice when data were analyzed by components of the experiment (for
example, effects were only evident at certain delay values). Accuracy of temporal control was
increased in all rats, shown by decreased standard deviation of peak times. However, the effect
was less robust for the LEW rat in Experiment 3 than the two previous experiments using

Sprague-Dawley rats. A similar relation was also shown in Heilbronner and Meck (2014), but
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peak time, rather than spread, was negatively correlated with impulsive choice in Sprague-
Dawley rats.

Although rats that make more impulsive choices show less accurate temporal control,
research has yet to demonstrate differences between LEW and F344 rats on the bisection
procedure. A study using spontaneously hypertensive rats (SHRs), which have been used as a rat
analog of ADHD, did not find differences in temporal control on a bisection procedure compared
to control rats (Ordufia, Hong, & Bouzas, 2007).

One study conducted in the same laboratory as the present study used a peak-interval
procedure to assess temporal control in LEW and F344 rats before and after d-AMP
administration (Follett, 2014). Results showed no differences in peak time between the two
strains, though LEW rats showed higher response rates and larger peak spread in certain
conditions of the experiment. The higher peak spread in LEW rats reflects the results of Smith et
al. (2015). In Follett (2014), it is possible that the larger spread may have reflected impulsive
behavior in the LEW rat in the form of premature responding, as latencies to begin responding
were shorter in this strain. For most rats, the shift to the left in the peak time (indicating an
earlier peak time) was observed after d-AMP administration, but the extent of the shift did not
differ between the LEW and F344 strains. The larger peak spread may point to potential
differences in the precision of temporal control in LEW rats, which may be the mechanism of
impulsive choice in this strain, rather than overestimation or underestimation of duration length.

It may be useful to determine if temporal control differs between these strains when
behavior is constrained to a single response. Using a procedure that relies on a discrete, rather
than continuous, measure of behavior may control for variation in response rate and for some

(but not all) impulsive responding. As Follett (2014) noted, the bisection procedure provides
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such a discrete measure while still allowing for a precise measurement of temporal control that
can be compared between the two strains.

Considering that LEW rats make more impulsive choices than F344 rats in delay-
discounting procedures, it is possible that overestimation of the length of the delay to the larger
reinforcer results in LEW rats choosing the small, immediate reinforcer more often. If that is the
case then their bisection points should be shifted to the left in comparison to F344 rats’ bisection
points. It is also possible that LEW rats’ lower dopamine levels results in two independent
processes: underestimation and impulsive choice, under which shifts to the right relative to F344
would be observed. A third possibility is that LEW rats differ from F344 rats only in precision of
temporal control. In that case, LEW rats should take longer to acquire the original temporal
discrimination in the bisection procedure, and they should show flatter psychophysical functions
compared to F344 rats.

Statement of the Problem

If impulsivity stems from a “timing disturbance,” as some have suggested (Rubia et al.,
2009), then temporal control is expected to differ in LEW and F344 rats. Specifically, the more
impulsive strain of the two (typically LEW) may be prone to inaccurate or imprecise temporal
control. On a bisection procedure, overestimation in LEW rats would manifest as shorter
bisection points relative to the F344 rats and possibly also relative to the geometric mean.
Underestimation in the LEW rat would show the converse: longer bisection points relative to the
F344 rats’ values. Though LEW and F344 did not differ in temporal control on a peak procedure,
the bisection procedure may offer a larger degree of experimental control by reducing erroneous
responding and restricting the number of responses allowed. If the parameters of the

psychophysical function obtained from the bisection procedure for LEW and F344 do not differ,
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such evidence would call into question whether impulsivity and temporal control stem from the
same process. While it is clear that poor temporal control and impulsive behavior can co-occur, it
is unknown whether the two outcomes stem from a single process. The present study was not
designed to unequivocally answer this question, but to provide further evidence in either
direction.

A second goal stemmed from the differential effects on impulsive choice under d-AMP
that LEW and F344 strains show, particularly in delay-discounting procedures. It is possible that
effects of d-AMP depend on baseline levels of impulsive choice. If the LEW and F344 strains
differ in temporal control in the bisection procedure, they may also demonstrate differential
effects of d-AMP on the psychophysical function.

Method

The present study consisted of a multi-phase assessment of temporal control in LEW and
F344 rats. Data were analyzed using two methods, a linear analysis and a Gaussian analysis.
Because the terms used may vary between procedures and analyses, a list of key terms is
provided in Appendix A.

Subjects

Six experimentally naive LEW and six experimentally naive F344 rats served as subjects.
Rats were obtained from Envigo, Inc. (Indianapolis, IN), and were approximately 6 weeks old
when shipped. Rats were housed singly with continuous access to water for the duration of the
experiment. The colony room temperature was maintained at approximately 20 degrees C and a
12-hour reversed light-dark cycle was in effect. All sessions were conducted during the dark

portion of the light-dark cycle.
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For the first week, food and water were provided ad libitum in the home cage and there
were no experimental sessions. Following this period, rats were restricted from access to food for
22 hr prior to experimental sessions and were fed approximately 12-15 g of standard rat chow 30
min after each session. Rats were weighed at least once per week. All procedures were approved
by West Virginia University's Animal Care and Use Committee.

Apparatus

Eight operant-conditioning chambers for rats were used for the duration of the
experiment (Med Associates, VT). Each chamber was enclosed in a melamine sound-attenuating
cubicle and contained a working area of 30.5 cm by 24.5 cm by 21.0 cm, a grid floor, and a 45-
mg pellet dispenser with a pellet receptacle centered between two retractable response levers.
The levers were 11.5 cm apart from each other and required a force of 0.25 N for a response to
be recorded. The levers were 4.8 cm wide, were elevated 8 cm from the grid floor, and protruded
1.9 cm into the chamber. A 28-V houselight was attached to the wall opposite the wall
containing the operanda. A ventilation fan circulated air and masked extraneous noise. Data
collection and programmed consequences were controlled by a personal computer equipped with
Med-PC software (Med Associates, VT).

Procedure

Feeder training. The first experimental session served as feeder training. Both levers in
each chamber were retracted for the duration of the 1-h session. One food pellet was delivered on
a variable-time 60-s schedule, for a total of 60 food pellet deliveries. At the end of the session,
any uneaten food pellets were counted and recorded. As no uneaten food pellets remained, only

one session of feeder training was required for all rats.
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Acquisition training. Acquisition of lever pressing was trained using a tandem fixed-
ratio (FR) 1, differential-reinforcement-of-other-behavior 10-s schedule. Both levers were
extended into the chamber, but only one produced food pellets for the duration of this 8-h
session. If lever pressing was not acquired by the end of this session, it was shaped using
differential reinforcement of successive approximations. On the day following acquisition
training, completion of an alternating FR schedule was used to confirm acquisition of the
response and to train responses on the other lever. The alternating FR schedule first presented
one lever into the chamber with its cue-light lit. One response on this active lever produced a
food pellet while responses on the other lever had no programmed consequences. When five
responses were completed on one lever, the cue-light above it turned off, the cue light above the
other lever turned on, and the other lever produced a food pellet following a lever press. This
contingency operated until 40 pellets were delivered or two hours elapsed. If the alternating FR
schedule procedure lasted over an hour, it was in effect the following day. No more than three
alternating FR sessions were required for any rat.

Baseline. When acquisition training was complete, a two-duration discrimination
procedure was implemented. The following values constituted the short and long durations for
each duration pair: 2sand 8,4 sand 16 s, 10 sand 40 s, and 15 s and 60 s. For each duration
pair, the long stimulus was four times the length of the short stimulus. The 2-s vs. 8-s duration
pair was chosen to replicate previous research using a bisection procedure (e.g., Church &
Deluty, 1977; Maricq et al., 1981). The remaining values were chosen because each of the long
durations was equal to the terminal delay value in the delay-discounting procedure used by

Huskinson et al. (2012) and other studies from the same laboratory. That is, any differences in
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timing that were influencing choice on the delay-discounting procedure would be most likely to
emerge when responding to durations within the same range as those used in that procedure.

Temporal-bisection training. Sessions began with a 10-min blackout period. On any
given trial, the houselight illuminated for either the short or the long duration (probability = 0.5;
Table 1 lists the probability of a given duration during training and testing of the experiment).
When the duration elapsed, the houselight turned off and both levers were inserted into the
chamber, each with their cue-lights lit. One lever produced a food pellet if it was pressed
following the short stimulus duration (on “short” trials), while the other lever produced a food
pellet if it was pressed following the long stimulus duration (on “long” trials). The position of the
levers associated with the short and long stimulus durations were counterbalanced across rats. If
a correct response was made within 30 s of insertion, the levers retracted, their cue lights turned
off, and a food pellet was delivered. If an incorrect response was made, the levers retracted, their
cue-lights turned off, and the response was counted as an error.

To keep conditions as similar as possible to the delay-discounting procedure used in
Huskinson et al., 2012 and other studies, trials began every 100 s. Thus, the ITIs following food
pellet delivery or an incorrect response varied. Variable ITIs ensure the same session length and
the same potential rate of reinforcement across all pairs of durations. The disadvantage to using
variable ITIs is that longer ITIs will occur when testing shorter duration series. This is a
limitation of the study. Previous research (Raslear et al., 1992) showed that ITI length altered
temporal discrimination, but the rate of reinforcement also varied with the ITI length in this
study. Future studies should assess whether the ITI has a systematic effect on temporal

discrimination when rate of reinforcement is held constant across ITIs. As noted, duration length
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presentation varied pseudo-randomly to ensure that the preceding ITI was not a predictor of the
upcoming duration length.

If 30 s elapsed before a response was made, the levers retracted, a 70-s ITI began, and
the trial was counted as an omission. This 30-s limited hold was also implemented in Huskinson
et al. (2012). Training sessions ended after 20 reinforced trials occurred following each duration
(short and long), with a maximum session length of 66 trials. This criterion constituted a further
step taken to ensure a similar rate of reinforcement between short and long durations for all rats
throughout the study.

For the first five sessions of training, a correction procedure was in effect such that
incorrect responses produced the same stimulus duration on the next trial. This procedure
prevented or minimized lever biases from forming. Following the first five sessions of training,
the correction procedure was removed if the disparity between correct responses to the long and
short durations was less than 25% (i.e., a lever bias was not present). A lever bias was
operationally defined as such because greater than 25% disparity between the percentage correct
on short and long trials would result in failure to meet the criterion required for advancement to
the testing phase. The correction procedure was reintroduced if percent correct showed this
disparity in subsequent sessions. Correction sessions ended when the same criterion was met as
regular training sessions (20 reinforced trials to each duration, with a maximum of 66 total
trials).

During the initial training using the 2-s and 8-s duration pair, at least 10 consecutive
sessions of training without correction were required to advance to the testing phase. In addition,

the last five sessions were required to show an average of 75% correct responses to each (short
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and long) duration. For all other duration pairs, the same criteria were in effect except only five
consecutive sessions of training without correction were required.

Temporal-bisection testing. The two-duration training procedure was conducted each
Monday, Wednesday, and Thursday (control days). On Tuesdays and Fridays, a testing
procedure was employed in which five intermediate durations (see Table 1) were intermixed
with the largest and smallest durations (the training duration pairs). Thus, there were four
duration series of seven durations each. All test sessions were comprised of 40 trials and thus
lasted 66.67 minutes (following the 10-min blackout period). Each of the two training durations
(long and short) were presented with a probability of 0.25 on each trial. The remaining trials
presented the intermediate, or “test” durations (probability of 0.1 for any given intermediate
duration on any given trial). Thus, the duration presented on any trial was pseudo-random. That
is, durations were chosen at random without replacement with the following constraints: exactly
half of the trials presented original training durations and half of the trials presented intermediate
durations, and the same duration was not presented on more than three consecutive trials.
Responses to intermediate durations were recorded, but had no other programmed consequences.
Correct responses to training durations were followed by food presentation. In the event that
accuracy fell below 75% on short or long trials on the previous control day for a given rat, or if
the disparity between percent correct responses to the short and long duration exceeded 25%, an
additional training session (without the correction procedure) was conducted for that rat and
testing was omitted until responding met the above criteria. When four testing sessions had been
completed, the psychophysical function was determined for that rat on the current duration pair,

and training with the next duration pair began the following day. Each duration pair/series were
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trained and tested once across all rats in an ascending order of duration length prior to drug
administration.

d-Amphetamine administration. The 2-s vs. 8-s duration pair was re-trained to 75%
accuracy on both levers before drug testing. One session of testing without any injection, or a
control test, was conducted prior to beginning the injection sequence. The injection sequence
began with a saline injection prior to drug injections. Additional tests with saline administration
occurred if there was considerable variability from the control test on the 2-s vs. 8-s duration
pair. Then, d-AMP (Sigma-Aldrich, St. Louis, MO; 0.1, 0.3, 1.0, and 1.8 mg/kg) was
administered on Tuesdays and Fridays prior to the testing procedure. Doses of d-AMP were
prepared in a saline vehicle and administered intraperitoneally. Doses were administered in an
ascending and then descending sequence. An additional saline administration and an additional
control test followed the descending sequence. Additional d-AMP doses were administered on
subsequent testing sessions if data showed considerable variability. Mondays and Thursdays
served as control days on which training sessions (i.e., with only two durations presented)
occurred.

Once a dose-response curve was established for the 2-s vs. 8-s duration pair for a given
rat, the 15-s vs. 60-s duration pair was retrained. The shortest and longest duration pairs were
chosen for drug administration because in the baseline condition over 75% accuracy on both
levers was reached for all rats. Following replication of 75% accuracy on both levers, the d-AMP
administration procedure described above was implemented.

Data Analysis
Training. For training sessions, the number of sessions required to reach 75% accuracy

on both long and short trials were counted for each rat. The total number of training sessions and
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the total number of correction sessions required at each duration pair were also counted. These
variables were compared across LEW and F344 rats using a 2 x 4 repeated-measures ANOVA
with strain as the between-subjects factor and duration series as the within-subjects factor.

Testing. For each test session, the proportion of trials in which a long response occurred
was plotted as a function of the duration length. For all test session analyses, omitted responses
were not included in the calculation of the proportion of long responses. For example, on four
hypothetical trials, if three responses to a given duration occurred on the lever associated with
the long response, and one response was omitted, the proportion of long responses to that
duration equals 1 (three of three responses that occurred were long). When many omitted
responses occurred, sessions were excluded if there were no responses made in the presence of
any given duration within the series. For example, a hypothetical session would be excluded if
all trials during which the 3.2 s stimulus was presented were omitted. This criterion only became
relevant during drug administration, as there were no omitted responses during baseline.

Two methods were used to analyze proportion long response across test-session
durations: linear and Gaussian. Throughout both linear and Gaussian analyses, averages across
each set of test sessions in a series (baseline phase) or across each drug dose and series (drug
administration phase) were used for fitting functions, rather than calculating these parameters for
each individual session.

Linear analyses. Bisection points were first calculated using the method described in
Church & Deluty (1977), in which a straight line is fit to the proportion of long responses at the
three most central durations in each series. This method (henceforth called “the linear method,”
also allows calculation of the difference limen, which is the distance between the points at which

25 and 75 % of long responses occur, divided by two. The difference limen provides an
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indication of the precision of temporal control, with higher values indicating less precision. The
difference limen also represents the “just-noticeable difference” between temporal stimuli. The
Weber fraction, which is the ratio of the difference limen to the bisection point, was also
calculated. Any negative bisection points were converted to absolute value prior to calculating
Weber fractions to maintain that decreased Weber fractions indicate finer discrimination.

Gaussian analyses. The second method used to analyze the data was the Gaussian
method, which was developed from and modified based on Blough (1996), McClure et al. (2005)
and McClure et al. (2009). The Gaussian method used in the present study involved fitting a
cumulative Gaussian function to proportion long response at each duration. Two free parameters
were used that represented the mean (the bisection point; 1) and the standard deviation (the slope
of the function; ), The final Gaussian functions were completed using CurveExpert Pro,

Version 2.6.0 (Hyams Development). The cumulative Gaussian equation used to fit the data was:

y = %[1 + erf();\_/g)]

The originally proposed hypothetical psychophysical function was based on Blough

(1996) and McClure, Saulsgiver, and Wynne (2005) and had two other free parameters: the
minimum of the function (the distance from the x-asymptote to the x-axis), and the range of the
function (the difference between the asymptotes). The minimum and the range are also measures
of stimulus control. Due to difficulty in obtaining fits during drug administration, analyses were
subsequently modified to include only the mean and standard deviation as free parameters. A
diagram of the original function and its parameters is presented in Figure B of Appendix B.

In the present study, the minimum and range were not free to vary but were calculated
based on the fitted equation. The minimum and maximum were interpolated as the y values lying

on the function that corresponded to the shortest and longest durations (x values) in the series.
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The minimum was then subtracted from the maximum to obtain the range of the function. As
these values were not free parameters, they were affected by changes in the mean and standard
deviation of the function. Thus, the statistical analyses of these variables are somewhat
redundant. The values are presented in the tables that follow for clarity, while the statistical
analyses and figures are presented in Appendix C.

Statistical tests. ANOVA tests were conducted to test for differences between LEW and
F344 rats for each of the measures from the linear method (Church & Deluty, 1977), as well as
the Gaussian method (Blough, 1996; McClure et al., 2005) between the two strains at baseline.
This resulted in a 2 x 4 repeated-measures ANOVA with strain as the between-subjects factor
and series as the within-subjects factor for each dependent measure. All pairwise comparisons
used the Bonferroni procedure.

During drug administration, results were analyzed in a similar manner, but separately for
the 2-s-vs.-8-s and 15-s-vs.-60-s duration series. That is, repeated-measures ANOVA tests were
conducted to test for differences in each of the four free parameters following drug
administration. Strain (LEW or F344) served as the between-subjects factor and dose (0, 0.1, 0.3,
1.0 and 1.8 mg/kg) served as the within-subjects factor.

Mauchly’s test of sphericity determined whether the unequal variance was found between
one or more possible combinations of the levels of the independent variables (i.e., strain, series,
or dose). Levene’s test additionally provided evidence of the equality of variances between
strains. If Mauchly’s test of sphericity was significant, but Levene’s test was not, then the
Greenhouse-Geisser corrected degrees of freedom were used to determine significance in the
ANOVA test. If both tests were significant, and the differences in homogeneity of variance

between groups could not be corrected by transforming the data, nonparametric tests were used.
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Nonparametric analyses involved the use of Friedman’s rank test to determine a significant effect
of dose, with follow-up Wilcoxon signed-rank tests to test for pairwise comparisons amongst
doses. Mann-Whitney U tests were used to determine significance for strain differences. The
Bonferroni correction was used to control for multiple tests in the latter two procedures. Due to
the lack of normality and linearity in much of the data, any correlations performed used either
the nonparametric Spearman’s rho or Kendall’s tau-b.

Additional analyses. The proportion of long responses was also averaged across all
durations within test sessions to obtain a general measure of response allocation. Because short
and long trial durations were always equally distributed throughout test sessions, the expected
average proportion of long responses is always 0.5. As average proportion long responses
increase, bisection points derived from either the linear or Gaussian method tend to decrease.

As noted previously, Maricq et al. (1981) and Maricq & Church (1983) corrected for
responses that may have occurred when responses were not controlled by the duration stimuli
(i.e., due to inattention) by omitting data with long latencies. In the present study, latencies
across each phase of the experiment were analyzed by obtaining the mean of the median latency,
as well as the mean of the standard deviation of latencies, for each rat, series, and dose (where
applicable). The mean of the median latency was used because it is not skewed by the latency to
the first response, which was often much longer than latencies on other trials. Overall latency
data were compared using a t test to determine if differences existed between LEW and F344
rats. Then, repeated-measures ANOVA tests were also conducted to determine series differences
at baseline with strain as the between-subjects factor and series as the within-subjects factor. For
the drug administration phase of the experiment, there were no differences in latency between

the two series (2 vs. 8 and 15 vs. 60). Therefore, latency data during this phase were not grouped
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by series. A repeated-measures ANOVA test served to determine whether d-AMP differentially
affected latency between the LEW and F344 strains with strain as the between-subjects factor
and dose as the within-subjects factor.

Data were then analyzed with and without a correction for long latencies to determine if
responses with long latencies affected the outcome of the analyses. In Maricq & Church (1983),
latencies longer than 5 s were removed from the data and functions were re-determined. In the
present study, log-survivor plots were used to determine a cutoff point at which latencies of a
given length were unlikely to occur. For all baseline conditions and drug doses, this cutoff was at
or near 4 s, so responses associated with latencies above this criterion were removed from the
data.

Results

For ease of interpretation, results in the text are often presented with duration series’
names abbreviated using a hyphen between their respective short and long durations. For
example, “the 2-s-vs.-8-s series” is presented in the text as “the 2-8 series.”

Baseline

Training. Individual training graphs are presented in Figures 2 and 3. These figures
delineate percent correct for each rat across each day (session) of the initial training phase (2-8
series). Figure 4 presents the aggregated data from the training phase of each series, comprising
average total training sessions, correction sessions, and sessions to meet the criterion of 75%
correct responses to both durations.

Overall, LEW and F344 did not differ from one another in any aspect of acquiring the
temporal discrimination. This was confirmed by the ANOVA, which showed no effect of strain

or series, and no strain x series interaction on total training sessions required to meet both criteria
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necessary to move to the testing phase (see Figure 4, top panel). There were also no differences
in total correction sessions required between strains or series, and there was no interaction
between these variables (see Figure 4, middle panel). While total sessions to reach the criterion
of 75% correct to both durations on any given day also did not show an effect of strain, there was
a significant effect of series on this variable, F(2.03, 20.28)=40.42, p<.001 (see Figure 4, bottom
panel). There was no strain x series interaction. Post hoc tests indicated differences between the
2-8 duration series and the 4-16 series (p<.001), the 2-8 and the 15-60 series (p<.001), the 4-16
series and the 10-40 duration series (p<.01), and finally, the 10-40 and 15-60 duration series
(p<.01). These post hoc tests indicated that the transition from the 2-8 to the 4-16 series required
significantly fewer sessions to complete than the transition from the 4-16 to the 10-40 series, and
that the transition from the 10-40 to the 15-60 series required significantly fewer sessions than
the previous transition. Importantly, these effects were seen in both strains and reflect the effect
of the differences in relative distance between the longest durations in each series. That is, 40 is
2.5 times greater than 16. This distance is greater than the relative distance between 8 and 16 (2
times) or 40 and 60 (1.5 times). As shown in Figure 4, rats met the criterion of 75% correct to
both durations in 1-2 days on the last transition (10-40 to 15-60). Importantly, this does not
indicate testing was conducted the following day, as the last five regular training sessions were
required to show 75% correct on average.

Testing. A summary of results from the baseline testing phase of the present study is
presented in Table 2. There were no omitted responses during any baseline test session. Average
obtained proportion long response across rats for baseline test sessions is presented in Figure 5.
Psychophysical functions obtained from individual rats are presented in Appendix D, in Figures

D1-D8. Each duration series is presented in its own panel with separate lines for LEW and F344
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rats. For both strains and in all series, proportion of long responses increased as durations
increased. This indicated that behavior was under temporal control.

Overall, LEW rats allocated more responses to the lever associated with the long duration
than F344 rats throughout the baseline phase. This was supported by a significant effect of strain
on the average proportion of long responses across all durations throughout the baseline phase,
F(1, 10)=6.95, p<.05. This analysis represents the main effect when collapsed across all four
series/panels of Figure 5. F344 rats showed a mean proportion of 0.45 (SEM = 0.03), and LEW
rats showed a mean proportion of 0.51 long responses throughout the baseline phase (SEM =
0.03). This difference throughout the baseline phase is shown in more detail in Figure 6, where
average proportion long response is presented in boxplots clustered by strain and series. There
was no effect of series, and no interaction between strain and series on the overall proportion of
long responses.

Linear results. The functions in Figure 5 were analyzed using the linear method
described in Church and Deluty, 1977. Individual bisection points, Weber fraction values
(standardized measure of sensitivity to changes in stimuli), and difference limen values (measure
of precision) are presented in Table 6. Means of each of these dependent variables are presented
in Figure 7 and organized by strain and series.

Mauchly’s test of sphericity (see Methods: Statistical tests and Appendix A: Key Terms)
was significant for bisection points y%(5)= 16.77, p<.01 as well as the difference limen ¥?(5)=
12.55, p<.05. Levene’s test was not significant for bisection points, so an ANOVA test was used
with the corrected degrees of freedom. Series presenting longer durations resulted in longer
bisection points, confirming that responses were under temporal control. LEW and F344 showed

similar bisection points when analyzed with the linear method, indicating that the average
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temporal estimate was similar between strains. These results were determined by the ANOVA
test, which showed a significant effect of series on bisection points, F(1.42, 14.22) =41.17,
p<.05, but no effect of strain or strain x series interaction. Pairwise comparisons indicated
differences between all combinations of series (all p<.05), except for the 10-40 series and the 15-
60 series. These pairwise comparisons are represented by corresponding letters within Figure 7
(e.g., the two series labeled “a” are significantly different from one another, the two series
labeled “b” are significantly different from one another, and so forth). Additional figures
showing pairwise comparisons between series are also labeled in this manner.

Duration series did not affect the Weber fraction for either strain, which indicated that
temporal control maintained proportionality to the duration stimuli. That is, the differences in
duration stimuli were judged in a similar manner (by multiplicative difference) regardless of the
series. LEW and F344 rats also had similar Weber fractions. This was confirmed by the
ANOVA, which showed no strain or series effect on the Weber fraction and no interaction
between these variables.

Longer duration series resulted in increased difference limen values, again indicating that
behavior was under temporal control. This was determined by a significant effect of series on the
difference limen F(1.97,19.69) = 15.84, p<.01. There was no effect of strain or strain x series
interaction. Pairwise comparisons indicated differences between the 2-8 series and the 10-40
series (p<.001), the 2-8 series and the 15-60 series (p=.001), and between the 4-16 series and the
15-60 series (p<.05). There was no difference in the amount of variance accounted for (R?) by
the linear method for any of the measures across strains or series, and no interaction between

these variables.
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Gaussian results. Individual parameters from the average Gaussian functions for each
series are presented in Table 7. Average parameters by strain and series are presented in Figure
8. Mauchly’s test of sphericity (see Methods: Statistical tests and Appendix A: Key Terms) was
significant for the standard deviation of the functions 2(5)= 12.25, p<.05. Because Levene’s test
of the equality of error variances was not significant across any of the parameters or R? values,
ANOVAs were used with the corrected degrees of freedom for the standard deviation.

There was a significant effect of series for the bisection point and standard deviation of
the function, but not R? values for functions. This indicates that the increasing durations across
series affected the bisection point and standard deviation, while the goodness of fit of the
Gaussian function remained similar. As behavior did show temporal control (proportion of long
responses increased as duration values increased in each series), this pattern of responding
resulted in larger standard deviations, F(2.14, 21.41)=59.87, p<.001, and longer bisection points,
F(3,30)=319.52, p<.001, as series increased. Pairwise comparisons were significant between all
series combinations for bisection points (all p<.001) and standard deviations. Pairwise
comparisons along the standard deviation showed the following levels of significance: the 2-8
and 4-16 series showed p< .05; the 2-8 and 10-40 series showed p< .001; the 2-8 and 15-60
series showed p<.001; the 4-16 and 10-40 series showed p<.05; the 10-40 and 15-60 series
showed p<.05. Figure 8 also denotes significant pairwise comparisons between series.

There was a significant main effect of strain on bisection points F(1,10)=9.02, p < .05,
with LEW rats showing shorter bisection points throughout the baseline phase (M=15.31, SEM
=4.15), or overestimation of temporal duration relative to F344 (M=17.79, SEM=5.06). There
was a significant series x strain interaction on bisection points F(3,30)=3.30, p<.05), indicating

that bisection points increased across each series to a greater degree in F344 rats. Follow-up
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tests using simple effects indicated no significant pair-wise comparisons. There were no
significant strain differences along R? values or standard deviations of Gaussian functions. These
results conflict somewhat with the analyses obtained using the linear method, which found no
strain differences in average temporal estimates (bisection points) or variability in these
estimates. In contrast, the Gaussian results indicated that LEW and F344 did differ in temporal
estimates (LEW overestimated durations compared to F344) but did not differ in variability of
these estimates.
Drug Administration

Paired-samples t-tests across parameters and R? values of both the linear and Gaussian
methods indicated no differences between control sessions (without injections) and sessions with
saline vehicle injections, with one exception. Saline sessions resulted in a reduction in R? for the
linear analysis. This may have been the result of a slight disruption resulting from the injection
procedure. Because this was the only difference between saline and control sessions, and because
saline administration controls for any such disruptions related to the injection procedure, results
from saline sessions are presented throughout the study and used in all analyses. At 1.8-mg/kg,
functions for several rats could not be determined under either analysis, in part due to the large
number of omissions. Therefore, figures present only those functions that were obtained. Data
from 1.8 mg/kg were not included in statistical analyses (except for analyses of the number of
omissions at each dose). A summary of results from the drug administration phase of the present
study is presented in Table 3.

2-5-VS.-8-S series.

Figure 9 displays obtained data (prior to fitting functions) from the 2-s-vs.-8-s series of

drug administration. Psychophysical functions from individual rats are presented in Appendix D,
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in Figures D9 and D10. Eleven sessions were excluded from the analysis due to omitted
responses on every trial for a given duration for F344 rats. Six sessions were excluded for LEW
rats. Each excluded session was at the 1.0 or 1.8 mg/kg d-AMP dose, with the exception of
excluded sessions with saline administration for one F344 rat and one LEW rat each (the first
injection). Data on excluded sessions are included in Table 4. Omissions data from included
sessions can be found in Table 5. At 1.8 mg/kg, data from three F344 rats and one LEW rat were
excluded entirely due to a large number of omissions.

Mauchly’s test of sphericity was significant for average proportion long response, x2(5)=
14.85, p<.05, and Levene’s test was not significant. Therefore, the corrected degrees of freedom
were used to determine significance of the ANOVA. There was a significant effect of strain on
the average proportion of long responses throughout the 2-s-vs.-8-s series of drug administration,
indicating that LEW rats made more long responses than F344 throughout this phase of the
experiment, F(1,10) = 16.75, p<.01. This result was consistent with the baseline results, which
also showed that LEW rats made more long responses throughout the entire baseline phase. The
average proportion of long responses by strain and dose is displayed in Figure 10. There was no
effect of dose or dose x strain interaction along this variable.

Linear results. For one F344 rat at 0.3 mg/kg, one LEW rat at 1.0 mg/kg, linear functions
could not be determined. This occurred because proportion long response at the three central
signal durations did not conform to a linear pattern. Means were imputed in these cases. In
addition, because Levene’s test of the equality of error variances was significant along multiple
variables, the linear parameters were log-transformed prior to statistical analyses. Following log

transformations, Levene’s test remained significant for bisection points and Weber fractions
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under saline administration (p<.05). Therefore, nonparametric analyses were used to determine
significance for dose.

Table 8 displays individual values, and Figure 11 displays summarized results from linear
analyses. There were no effects of dose or strain on bisection points or R? values, indicating that
d-AMP did not result in temporal overestimation or underestimation for either strain.
Additionally, linear functions fit the data equally well for both strains and at all doses.

d-AMP resulted in larger difference limen values (less precision) at increasing doses.
This was confirmed by a significant effect of dose on the difference limen, ¥%(3)= 9.15, p<.05,
though there were no significant pairwise comparisons across doses. F344 rats also showed
longer difference limen values than LEW rats, indicated by a significant effect of strain on the
difference limen at the 0.3 mg/kg d-AMP dose (Z=-2.73, p=.006). At this dose, LEW rats
showed slightly lower difference limen values when compared with saline vehicle sessions,
whereas F344 rats showed slightly larger difference limen values when compared with saline
vehicle sessions. This indicates that d-AMP may have improved temporal precision for LEW rats
and disrupted temporal precision for F344 rats at 0.3 mg/kg.

There was a significant effect of dose on the Weber fraction ¢%(3)= 9.69, p<.05, but no
significant pairwise comparisons. That is, d-AMP resulted in larger Weber fractions, or a larger
ratio between the difference limen and the bisection point, across trials. There was no effect of
strain on the Weber fraction.

Gaussian results. A Gaussian function could not be obtained for one LEW rat at the 1.0-
mg/kg d-AMP dose. Parameter means for LEW rats were imputed for this rat and dose. Figure 9
displays average obtained functions across each d-AMP dose. Mauchly’s test of sphericity was

significant for the bisection point, y%(5)= 17.76, p<.01), and R? values, ¥*(5)= 14.73, p<.05.
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Levene’s test was not significant for the bisection point or standard deviation. Therefore,
ANOVA tests were used with corrected degrees of freedom for the bisection point.

Figure 12 displays average parameter values across doses, and Table 9 displays
individual values for each parameter. There was a significant effect of dose on the standard
deviation, F(3,30)=3.26, p<.05). d-AMP dose dependently increased the standard deviation
across both strains of rats. These results indicate that at all durations response variability
increased and functions appeared flatter. Pairwise comparisons indicated significant differences
between standard deviations of functions for saline and 1.0 mg/kg d-AMP (p<.05). Although
there was no main effect of strain on the standard deviation, the dose effect on the standard
deviation was qualified by significant dose x strain interaction F(3,30)=4.17, p<.05). This
interaction indicated that d-AMP had differential effects on response variability for LEW and
F344 rats. The standard deviation increased to a greater extent in F344 rats, reaching a
significant difference from LEW rats at 1.0 mg/kg d-AMP. This effect indicated that response
variability, or precision, decreased to a greater extent in F344 rats. This effect was revealed by
planned comparisons using simple effects with the Bonferroni correction, which showed larger
standard deviations for F344 at this dose (M=2.43, SEM=0.24) compared to LEW (M=1.37,
SEM=0.60; F(1,10)=9.92, p=0.01). No other doses showed significant planned comparisons
between LEW and F344 for the standard deviation.

There was also a significant main effect of strain on bisection points F(1,10)=21.60,
p=.001), with LEW rats showing shorter bisection points (M=3.71, SEM=0.28) than F344 rats
(M=4.45, SEM=0.30) in this phase of the experiment. That is, regardless of dose, LEW rats made
more long responses at shorter durations (estimated durations to be longer) compared to F344

rats. There was no effect of dose or dose x strain interaction on bisection points.
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15-s-vs.-60-s Series.

Figure 13 displays obtained data (prior to fitting functions) from the 15-s-vs.-60-s series
of drug administration. Psychophysical functions from individual rats are presented in Appendix
D, in Figures D11 and D12. Seven sessions were excluded from the data due to omitted
responses on every trial for a given duration for F344 rats. No sessions were excluded for LEW
rats. Data on excluded sessions are included in Table 4Table 4. Omissions data from included
sessions can be found in Table 5.

Mauchly’s test of sphericity was significant for average proportion long response, x2(5)=
25.45, p<.001, and Levene’s test was not significant. Therefore, the corrected degrees of freedom
were used to determine significance of the ANOVA. As in the previous series, there was a
significant effect of strain on the average proportion of long responses throughout the 15-s-vs.-
60-s series of drug administration, indicating that LEW rats made more long responses than F344
throughout this phase of the experiment, F(1,10) = 14.65, p<.01. This result was consistent with
both the previous series, as well as the baseline results. The average proportion of long responses
by strain and dose is displayed in the boxplot in Figure 14. There was no significant effect of
dose or dose x strain interaction seen for this variable.

Linear results. Levene’s test of the equality of variances was significant for the
difference limen and Weber fraction at multiple doses. Levene’s test remained significant for
both of these variables following log transformations, so nonparametric analyses were used for
the difference limen and Weber fraction. Neither Mauchly’s test of sphericity nor Levene’s test
of the equality of error variances were significant for bisection points and R? values. Thus, these

variables were analyzed using repeated-measures ANOVA.
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Table 10 displays individual values, and Figure 15 displays summarized results from the
linear analyses. As in the previous series (2-s vs. 8-s), d-AMP increased the difference limen.
The ANOVA showed a significant effect of dose on the difference limen, ¥?(3)= 17.50, p=.001,
but no significant pairwise comparisons. There were no significant effects of strain on the
difference limen, indicating less precision for both strains of rats. Similar to the previous series,
there was a significant effect of dose on the Weber fraction, y%(3)= 13.90, p=.001. Pairwise
comparisons indicated a significant difference between saline and 1.0 mg/kg d-AMP (p=.002).
There were no effects of strain on the Weber fraction.

There were no effects of strain or dose, and no interactions observed for bisection points
or R?values. Thus, the 1.0 mg/kg dose resulted in behavior that was less sensitive to changes in
duration across both strains, and this decrease in sensitivity was not due to a change in the
average temporal estimate (the bisection point).

Gaussian results. Levene’s test of the equality of variances was significant for the
standard deviation at multiple doses. Levene’s test remained significant after log-transforming
the data. Therefore, due to the differences in variance between groups, nonparametric tests were
used for the standard deviation. Bisection points and R? values were analyzed using repeated-
measures ANOVA, as Levene’s test was not significant for these variables. Mauchly’s test of
sphericity was significant for both bisection points ¥*(5)= 76.64, p<.001, and R? values, y*(5)=
19.67, p<.01. The corrected degrees of freedom were used to determine significance for these
variables.

Table 11 displays individual values, and Figure 16 displays summarized results from the
Gaussian analyses. There was a significant effect of dose on the standard deviation, y?(3)= 19.90,

p<.001. Significant differences were found between saline and 1.0 mg/kg d-AMP (Z=-2.98,



TEMPORAL BISECTION IN LEWIS AND FISCHER 344 RATS 38

p=.003) as well as between 0.1 and 1.0 mg/kg d-AMP (Z=-3.06, p=.002). There was no effect of
strain on the standard deviation at any dose, indicating that temporal precision was disrupted by
d-AMP similarly for both strains.

There were no significant effects of strain or dose on bisection points. There was a
significant main effect of dose on R? values F(1.83,18.26)=17.73, p<.01), indicating that d-AMP
dose dependently decreased the goodness-of-fit of the Gaussian functions. There was no effect of
strain or dose x strain interaction. Pairwise comparisons revealed significant differences between
saline and 1.0 mg/kg d-AMP (p<.001), and between 0.1 and 1.0 mg/kg d-AMP (p=.001), with
the higher dose resulting in poorer fit in both cases.

Response Latencies

Baseline.

Analysis of medians and standard deviations of latencies across baseline sessions using t
tests did not reveal differences between LEW and F344 rats. Thus, the time between stimulus
offset and the lever press was similar for LEW and F344 rats. Longer series resulted in longer
latencies to respond, evidenced by the significant effect of series on median latency, F(3, 30) =
6.89, p=.001. Pairwise comparisons revealed differences between the 2-8 series (M= 0.48 s,
SEM=0.05) and the 15-60 series (M=0.76 s, SEM=0.10, p<.05).

Drug administration.

For sessions in the 2-s-vs.-8-s series of drug administration, Levene’s test of the equality
of error variances was significant for both the median and standard deviation of latencies. Log-
transformations resulted in Levene’s test remaining significant only at the 0.1 mg/kg dose for
median latency. Therefore, repeated-measures ANOVA was still used for this series along the

log-transformed data.
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LEW and F344 differed in the latency to the lever press, but only at certain doses. This
effect was likely due to F344 rats omitting many more responses than LEW rats with increasing
doses. There was a lack of main effect of strain or dose on median latency, but a significant dose
X strain interaction on median latency, F(4,40) = 2.77, p<.05. Pairwise comparisons for dose
indicated significant differences between the 0.1 and 1.8 mg/kg doses (p<.05), but this result
should be interpreted with caution due to the increased number of omissions for F344 compared
to LEW at the 1.8mg/kg dose. This is likely the reason for the significant Levene’s test at this
dose. Importantly, both the main effect and the interaction effect were no longer significant when
the 1.8 mg/kg dose was removed from the analysis.

As dose increased, the variability in latencies increased. This was in part due to a larger
number of long latencies. This was shown by a significant effect of dose on the standard
deviation of latencies, F(4, 40) = 3.17, p<.05. This result was qualified by a significant dose x
strain interaction, F(4,40) = 2.91, p<.05. Pairwise comparisons again indicated differences in
standard deviation of latencies between the 0.1 and 1.8 mg/kg doses (p=.001). As with the
previous analysis, these results should be interpreted with caution due to more omissions at
1.8mg/kg d-AMP. Again, both the main effect and interaction were no longer significant when
the 1.8 mg/kg dose was removed from the analysis.

Data were also log-transformed for the 15-s-vs.60-s series of drug administration due to
significant Levene’s tests at the 1.8 mg/kg dose for median latencies, and for multiple doses for
standard deviation of latencies. Levene’s tests were not significant following log-
transformations, but Mauchly’s test of sphericity was significant for median latency,

¥?(9)=22.11, p=.01. The corrected degrees of freedom were used for these analyses.
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Increasing doses again increased the time between stimulus offset and the lever press.
This was shown by a significant effect of dose on median latency F(1.7,17.03)=7.87, p<.01.
There was no effect of strain or dose x strain interaction. Pairwise comparisons indicated
significant differences between the 0.3 and 1.8 mg/kg doses (p<.05). Increasing doses of d-AMP
also resulted in more variability between latencies, evidenced by a significant effect of dose on
standard deviation of latencies F(4,40)=8.50, p<.001. This effect was qualified by a significant
dose x strain interaction F(4,40)=3.18, p<.05. Similar to the dose x strain interaction that was
found in the previous series, there was no main effect of strain. Pairwise comparisons indicated
significant differences between the 0.3 and 1.8 mg/kg doses. Unlike the previous analyses, when
the 1.8 mg/kg dose was removed from analyses, these effects persisted for both median and
standard deviation of latencies, with the exception of the significant pairwise comparisons.

Although Maricq & Church (1983) removed latencies longer than 5 s, log-survivor plots
indicated that 4 s was a more reasonable cutoff for the present study. In addition, the use of a 5-s
cutoff would have removed very few responses from the dataset. (For example, only 16
responses met this criterion across all baseline test sessions.) Log-survivor plots indicated a 4-s
threshold for latency length, and corresponding responses were removed from the dataset for
reanalysis. The log-survivor plots are presented in Appendix E. There were no significant
differences in proportion long response in the originally obtained dataset and the adjusted dataset
at any phase or series of the experiment, so no further analyses were conducted on the adjusted
data.
Additional Analyses

At baseline, both LEW and F344 rats tended to show a larger latency between the trial

offset and the response when the trial stimulus was longer. This was determined based on the
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significant correlations between latency and duration of the trial for F344 rats, p (3839) = 0.074,
p<.001, and for LEW rats, p (3839) = 0.12, p<.001. However, it must be noted that these effects
are overpowered due to the fact that this analysis was trial-based and did not take into account
individual subjects.

Although there were no differences between LEW and F344 during the training phases of
each series, inaccurate responding at training may have been indicative of disrupted temporal
control for individual rats. There was a significant correlation between average number of
correction sessions required throughout the baseline training phase and average bisection points
using the Gaussian procedure (v = 0.49, p<.05), as well as the linear procedure (z, = 0.59,
p<.01), indicating that more correction sessions were associated with longer bisection points. For
individual rats, requiring more correction sessions also co-occurred with less precise or
differentiated responding across durations. This was shown by correlations between the average
number of correction sessions and two other parameters: higher Weber fractions, p (12) = 0.60,
p<.05, and longer difference limen values p(12)=0.71, p=01. There were no other notable
correlations.

Discussion

In the present study, two strains of rats (LEW and F344) were trained to discriminate four
pairs of temporal durations. Once discrimination was established between the two training
durations (long and short), rats responded in the presence of intermediate values between the two
training durations. This bisection procedure with LEW and F344 rats demonstrated strain
differences in temporal control, with LEW rats showing longer temporal estimates than F344
rats. Subsequent d-AMP administration resulted in strain differences in response to d-AMP

under certain conditions and at certain doses. Similar strain differences have been observed in
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LEW and F344 in delay-discounting procedures, which measure impulsive choice (e.g.,
Huskinson et al., 2012, Huskinson & Anderson, 2012). The results provide further insight into
the relation between temporal control and impulsivity. Because impulsive choice involves delay
to reinforcement, responses depend, in part, on temporal control. The study of temporal control
in strains that differ in these processes can inform the understanding of problem behavior like
impulsivity. The development of interventions should consider that individuals who choose
smaller-sooner reinforcers may perceive the duration of the delay to the larger-later reinforcer as
longer than others. Importantly, the present study echoed the results of McClure et al. (2005) and
McClure et al. (2009), which showed that temporal control was not improved, but disrupted, by
d-AMP administration. Because amphetamine and amphetamine-like stimulants are common
pharmaceutical interventions for impulsivity in humans with ADHD, more insight is needed into
the mechanism of this therapeutic effect. It is possible that the therapeutic effect lies in the
reduction of attention to temporal stimuli, rather than a lengthening or shortening of the
perception of time. The present results supported this possibility.
Baseline

There were no strain differences in the number of correction sessions required, number of
sessions required to meet testing criteria, or the total number of training sessions during the
initial training of each of the four duration series. This lack of difference indicated that LEW and
F344 are similarly accurate when learning temporal discriminations. Whereas some transitions
from one series to another appeared to result in more sessions required to meet testing criteria,
this result was consistent for both strains. In addition, this result corroborates previous research
that has shown that temporal discrimination relies on relative, rather than absolute duration

(Church & Deluty, 1977). Because of this finding, transitions presenting a larger change in the
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relative distance between learned temporal stimuli should more difficult to acquire than those
that are more similar in relative distance to a previously learned temporal discrimination.

There were no strain differences in acquisition of the temporal discrimination, indicating
that LEW and F344 were similarly adept at learning differences in duration length. Similarly,
LEW and F344 rats did not differ in the various measures of stimulus control during baseline test
sessions (minimum, range, standard deviation, Weber fraction, and difference limen), indicating
that both strains maintained their similar accuracy in responding to the trained durations (or
anchors).

In contrast, at baseline there was a main effect of strain under the Gaussian analyses that
indicated shorter bisection points for LEW compared to F344. This also indicated that LEW rats
made more responses on the lever associated with the long duration than F344 rats. LEW rats,
which make more impulsive choices, were expected to show shorter bisection points (longer
temporal estimates) if delay discounting was a result of an overestimation of the duration of
delays. Therefore, this result was in line with studies that have shown overestimation of duration
in impulsive individuals (e.g., Baumann & Odum, 2012).

LEW and F344 rats show differences in delay discounting at delays that were similar to
the durations used in the present study. For example, in Huskinson et al. (2012), LEW and F344
rats responded in a delay-discounting procedure, in which choice is between a small reinforcer
available immediately, and a larger reinforcer available after a delay. When delays ranged from 0
to 60 s, LEW rats showed a mean indifference point of 10 s, whereas the mean for F344 rats was
20.5 s. Due to the magnitude of average indifference points (approximately 10 — 20 s), it
expected that differences between strains in the present study would only become apparent at

sufficiently long durations. Indeed, there was a significant main effect of strain on Gaussian
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bisection points at baseline, indicating that LEW rats showed shorter bisection points, but there
was also a significant interaction with series. The interaction with series demonstrated that LEW
rats’ longer temporal estimates (relative to F344 rats) were more apparent at the longer durations.
It is possible that these larger differences in temporal judgments at long durations are responsible
for the shorter indifference points generated by LEW rats in previous studies.

One important caveat to LEW rats’ shorter bisection points is that LEW rats’ bisection
points approximated the geometric mean more closely than F344 rats. Geometric means of each
series were 4, 8, 20, and 30, in order of increasing series. In both linear and Gaussian analyses at
baseline, LEW rats’ average bisection points were always closer to the geometric mean than
F344 rats’ average bisection points (See Table 6 and 7). Therefore, when considering the
significant strain difference for the Gaussian bisection points, results might be better framed as
stating that F344 overestimate duration length, whereas LEW rats are timing accurately. As
noted above, there were no differences in the measures of stimulus control (standard deviation,
range, and minimum) between strains, so the differences in bisection points were not due to
inaccuracy at the trained durations, nor were they due to the variability in estimates of tested
durations. Rather, the difference reflects a left shift of the function for LEW when compared to
F344, indicating a difference in the speed of timing itself. This result conflicts somewhat with
Follett (2014) and Smith et al. (2015), in which LEW rats showed wider peak spread without
mean shifts in the peak time, which is indicative of greater timing variability rather than
differences in mean duration estimates. However, because the peak procedure does not constrain
responding to a single response per trial, it may not capture the differences between LEW and

F344 rats. Indeed, the differences in mean bisection points between strains were between 4 and 5



TEMPORAL BISECTION IN LEWIS AND FISCHER 344 RATS 45

s at their greatest (in the two longest series). This difference might be masked by additional
responses around the peak time.

Correction sessions, in which the same duration was repeated following an incorrect trial,
were implemented when rats showed more than 25% disparity between levers (potential bias for
a given lever). More of these correction sessions required during training was associated with
longer bisection points. Whether the correction sessions resulted in changes to temporal control
or whether a tendency toward inaccuracy resulted in both more correction sessions and longer
bisection points was not examined in the present study. It is possible, but unlikely, that correction
sessions induced a bias in responding. The lack of a difference between strains in the number of
correction sessions required indicates that this variable was approximately equally distributed
across strains. In addition, correction sessions maintained the same approximate rate of
reinforcement by ending sessions only when 20 reinforcers had been earned by pressing each
lever (i.e., 20 on the left and 20 on the right). Although sessions also ended if they required over
66 trials, it was rare for this to occur.
d-AMP Administration

Generally, results replicated McClure et al. (2005 & 2009), in which dose-dependent
decreases in the range, increases in the minimum, and increases in the standard deviation of the
functions were seen. The decrease in range and increase in minimum indicate a decrease in
accuracy to both training durations, whereas the increase in the standard deviation indicates an
increase in response variability across all durations. In addition, bisection points changed less
than these measures, indicating that functions did not shift to the left when d-AMP was
administered, but instead flattened. These flat functions are indicative of a loss of stimulus

control, and were more dramatic at higher doses.
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There were a large number of omissions at 1.8 mg/kg, particularly for F344 rats. This
greater effect of d-AMP in F344 rats compared to LEW rats at the same dose is in line with the
greater density of dopamine receptors and transporters in F344 rats (Flores et al., 1998). In order
to achieve the same effect (here, the same number of omissions), a greater amount of d-AMP had
to be administered to LEW rats because there are fewer available receptors and transporters on
which d-AMP can exert its effects.

For both strains, the highest doses of d-AMP often induced a lever bias, in which
stimulus control at the originally trained durations was lost. Figures displaying individual data in
Appendix D demonstrate these lever biases more clearly, as near-exclusive responding can be
observed (i.e., near-exclusive responding to either the short or long duration). When present,
lever biases did not occur consistently on the same lever. This bias was more commonly seen on
the lever associated with the shorter duration, but there are insufficient data to determine whether
this is a meaningful trend. The lever for which this bias occurred often varied within individual
rats, which makes interpretation difficult, though it is likely unrelated to temporal control.
Considering the variation within individual rats, relatively larger doses of d-AMP may have
resulted in perseverative responding on whichever lever resulted in the delivery of a food pellet
first, though data have not been examined to this end. Alternatively, temporal perception may
have been affected to such a degree that rats showing lever biases no longer detected one or both
of the original stimulus anchors.

The present results conflict slightly with Maricq and Church (1983) and Maricq et al.
(1981), which showed clear left shifts in the psychophysical function with methamphetamine.
However, Maricq and Church (1983) did also show concurrent changes in the standard deviation,

indicating some loss of stimulus control was also apparent. Considering that the 4-s latency
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adjustment in the present study did not change the results, it is highly unlikely that the 5-s
latency adjustment in that study was responsible for the slight difference. Two other differences
in Maricq and Church (1983) were the use of a different rat strain from either of the two used in
the present study, and the use of 40 rats, which provided a much larger sample size. Maricq et
al., (1981) also had similar differences in subjects from the present study. These differences may
have accounted for the shifts to the left that were seen in those studies compared to the present
one.

Again, the present results are similar to McClure et al. (2005) and McClure et al. (2009),
in which a flattening of functions with d-AMP was apparent without changes in the bisection
point. Although the present study demonstrated changes in the bisection point at some doses and
conditions, the flattening of functions evidenced by increases in the minimum, decreases in the
range, and increases in the standard deviation were more reliable than shifts in the bisection
point. In the 15-s-vs. 60-s series at the 0.3 mg/kg d-AMP dose (Figures 13 — 16) it appeared that
bisection points may have decreased for LEW and increased for F344, but this result was not
supported by the statistical analyses, perhaps as a result of low power. However, visual
inspection of both the average and individual functions does indicate a larger effect of d-AMP on
overall stimulus control than the bisection point itself. There were also no changes in the
bisection point without concurrent changes in the measures of stimulus control. Therefore, it is
possible that under d-AMP, temporal perception is unchanged, but reinforcer value has decreased
such that maximization of reinforcer earnings fails to occur. Results in the delay-discounting
procedure differ somewhat, as d-AMP tends to result in an increase in the maximization of

reinforcement by increasing choice for the larger-later reinforcer. However, reinforcement in the
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current bisection procedure always occurred immediately following a correct response, so it is
possible that d-AMP results in a decrease in the value of immediate reinforcers specifically.
Comparisons Across Data Analysis Methods

The originally proposed analyses used a Gaussian function with four free parameters as
in McClure et al. (2005) and McClure et al. (2009). This analysis was feasible during the
baseline phase, but became more difficult to fit with the increasingly flat functions during drug
administration. In addition, the use of four free parameters resulted in parameter values that were
unnecessarily variable due to what appeared to be a push of the function by the computer
program in an extreme direction of any given parameter in order to achieve fit. The two-
parameter Gaussian in the final analyses provided more interpretable results, though it generally
resulted in less variance accounted for. It remained difficult to fit flat functions with the two-
parameter Gaussian.

Linear analyses were also performed using the method of Church and Deluty (1977). At
times, proportion long response at the three central signal durations did not conform to a linear
pattern, the slope of the line was negative, or proportion long response at the three central signal
durations caused the line to extrapolate outside the range of durations presented. Each of these
occurrences resulted in an increase in the variability of the data and a decrease in the
interpretability of results. Others have fit a straight line to the three steepest data points (e.qg.,
Meck, 1986), used a logistic equation (Cevik, 2003; Chiang et al., 2000), or a mixture gamma-
exponential model (Laude, Daniels, Wade, & Zentall, 2016). Therefore, data analyses in
temporal-bisection studies have evolved quite a bit since the procedure was developed and vary

widely. A complete evaluation of each method is not possible here.
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The most efficient way to analyze data in the bisection procedure may involve fitting
different functions based upon the amount of variance accounted for. For example, bisection
points can be determined using Gaussian functions at baseline, when responding conforms to this
pattern, whereas linear analyses can be used when this method shows better fits (e.g., during
drug administration at high doses). Of course, there is a broader rationale for fitting Gaussian
functions to temporal control data that involves its proportional nature. In addition, it is not
considered good practice to use different analyses in different conditions of an experiment.
However, when Gaussian functions result in very poor fits to data from drug administration,
there is a question of whether temporal control is truly occurring at all or if the data reflect
another behavioral process (such as perseveration). Therefore, when the equations fitting the data
best vary between conditions, the use of multiple analysis techniques may provide important
details about the results.

Limitations

The results add to the literature supporting the idea that impulsivity and temporal control
are related processes, but there are limitations to the procedures used. Most notably, the most
robust experimental arrangement would allow the measurement of both impulsivity and temporal
control in the same individual rats (similar to Smith et al., 2015). Though it was not possible due
to the scope of the present project, use of this arrangement in future studies would allow a more
fine-tuned analysis via correlation of temporal-control measures with impulsive-choice measures
in individual rats.

Another limitation concerns the failure to replicate strain differences in bisection points
under saline administration at either drug-administration phase of the experiment. Mean

bisection points during the 2-s-vs.-8-s phase were different from one another in the same
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direction as baseline (the mean for LEW rats was less than the mean for F344 rats), though not
significant. Bisection points during the 15-s-vs.-60-s series also differed in the same direction for
Gaussian analyses only, and neither analysis showed significant results. However, the linear and
Gaussian analyses showed quite different mean bisection points for LEW during this phase. It
may be the case that saline injections slightly disrupted behavior and resulted in poorer linear
fits. It is also possible that the second iteration of testing differs slightly from the first, when rats
are naive to testing durations. Thus, the differences in temporal control between LEW and F344
may be most evident when stimuli are relatively novel.

One advantage of the use of the small sample size in the present study was the ability to
closely examine data within individual subjects (e.g., Appendix D). A disadvantage to this
approach is that small sample sizes reduce the power of statistical analyses. The analyses used
here still uncovered strain differences between LEW and F344 along certain variables. Previous
studies have also found significant strain differences between LEW and F344 using ANOVA
tests with similar sample sizes (e.g., Follett, 2014; Huskinson et al., 2012). Still, it is possible that
strain differences would have emerged along additional variables with a larger sample size. For
example, there are a few cases in which visual inspection shows non-overlapping standard error
values, but analyses were not significant (e.g., bisection points in Figure 15). A larger sample
size may also have been useful for examining variability within, rather than between each strain.
For example, it was difficult to determine if a case represented a “true” outlier using the current
sample size.

Despite these limitations, significant strain differences were found in temporal control
and response to d-AMP in certain conditions, and these results call for more research in this area.

Specifically, additional studies are needed to determine whether training accurate temporal
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control can result in related decreases in impulsivity. Although Smith et al. (2015) did not show
decreases in impulsive choice in LEW rats following one such intervention, other procedures
might show different results. For example, it may be interesting to determine whether chronic d-
AMP administration would result in the development of tolerance to the disruptive effects on
temporal control. This development of tolerance could result in two potential outcomes: chronic
d-AMP could alter temporal control without the flattening effect seen here, or chronic d-AMP
could elicit similar temporal control to baseline measures. The former possibility, where
temporal control is altered without disruptions in stimulus control, could in turn reduce impulsive
choice. If such an effect on temporal control occurs with d-AMP, it could be responsible for the
reductions in impulsive choice seen in those prescribed amphetamines. In addition, other
dopaminergic drugs that are administered chronically, such as bupropion, may be of interest to
investigate in terms of their effects on temporal control. In any case, the use of different strains
of rats can provide insight into whether the therapeutic efficacy of such pharmacological
interventions have the potential to depend on genetic factors.
Conclusions

The differences in temporal control between LEW and F344 rats in the present study
further implicate interval timing as a mechanism underlying the differences in impulsivity that
also occur between these two strains. LEW rats, which show more impulsive choice,
overestimated temporal intervals compared to F344 rats. This may indicate that LEW rats
perceive delays to reinforcement to be longer than F344 rats, and in turn, choose smaller-sooner
reinforcers more often. A similar mechanism may also underlie impulsivity in humans, where

intolerance to long delays may be related to a difference in perception of durations of time.
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Administration of d-AMP in the present study yielded results that warrant further
research. It is unclear whether the value in dopaminergic agonists as therapies for impulsivity
stems from their amelioration of deficits in temporal control. The genetic differences between
LEW and F344 include differences in dopaminergic regulation. While these differences in
dopaminergic regulation are likely responsible for behavioral differences in both temporal
control and impulsivity, the administration of the dopaminergic agonist d-AMP (which increases
extracellular dopamine levels), resulted in somewhat different effects on temporal control from
the differences seen at baseline between LEW and F344 rats. That is, d-AMP did not necessarily
change behavior such that temporal control in LEW rats was similar to that of F344 rats, or vice
versa. While effects of d-AMP on impulsivity may still relate to its alteration of temporal
control, the present study showed that it likely affects other behaviors simultaneously, such as
perseverative responding. Future research in this area is valuable for understanding problem
behavior resulting from impulsivity and poor temporal control. Such research has potential to
shed light on the processes underlying these problem behaviors to inform the development and

improvement of interventions.
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Table 1. Duration values (in seconds) that comprise each series.

Duration Type Duration  Duration  Duration Duration
Series 1 Series 2 Series 3 Series 4
Short 2.0 4.0 10.0 15.0
Intermediate 1 2.5 5.0 12.6 18.9
Intermediate 2 3.2 6.3 15.9 23.8
Intermediate 3 4.0 8.0 20.0 30.0
Intermediate 4 5.0 10.0 25.2 37.8
Intermediate 5 6.3 12.7 318 47.6
Long 8.0 16.0 40.0 60.0
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Table 2. Baseline results summary. Arrows represent significant increases or decreases that
occurred with increasing series.
Dependent Strain Series Strain x Series Pair-wise
Category Variable Difference Difference Interaction Significance
Average
. LEW > F344 - -- --
Proportion Long
Response
2-8 and 4-16
2-8 and 10-40
2-8 and 15-60
Bisection Point -- 0 -- 4-16 and 10-
. 40
&
> 4-16 and 15-
58]
< 60
g 2-8 and 10-40
= | Difference ) 2-8 and 15-60
Limen 4-16 and 15-
60
Weber Fraction -- -- -- --
R? -- - -- --
Each series
Yes, L
. . combination,
Larger increase in ]
. . . . . . No strain
3 Bisection Point  LEW < F344 ) bisection points .
2 ) differences
T across series for o
< with simple
- F344 rats than LEW
& effects
§ Each series
O Standard ..
- - T - combination
Deviation
R? -- - -- --
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Table 3. Drug administration results summary. Arrows represent significant increases or
decreases that occurred with increasing doses.
Category Dependent Strain Dose Dose x Strain Pair-wise
Variable Difference Difference Interaction Significance
Average LEW > F344 - - --
Proportion Long
Response
Bisection Point - - - -
D
(%24
= | Difference No main effect T -- LEW< F344 at
§ < | Limen 0.3 mg/kg
G_) S
@ | & | weber Fraction - ) - -
@ 3
g’ RZ - - - -
¢
o~ | | Bisection Point LEW < F344 -- -- -
D
c_% Standard - ) Yes SAL & 1.0
& | Deviation
§ LEW < F344 at
% 1.0 mg/kg
0]
R2 - - - -
Average LEW > F344 -- -- --
Proportion Long
Response
Bisection Point - - - -
2
g | = | Difference -- T -- --
g | < Limen
wn P
S | | Weber Fraction - 0 - SAL & 1.0
s | 3
< R?
Iy . :
-8 Bisection Point -- -- - -
)
‘S | Standard -- ) - SAL & 1.0
; Deviation 01&1.0
‘%
s |R - \ - SAL & 1.0
© 0.1&1.0
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Table 4. Average omissions per session and standard error of the mean (in parentheses) for
sessions meeting exclusion criteria, and number of sessions excluded for F344 and LEW rats. All
excluded sessions occurred during the drug administration phase.

Series Variable F344 LEW
Average omissions 32.91 (3.46) 23.88 (2.34)
o | Total number of 11 8
© sessions excluded
X
‘I“ Number of excluded SAL:1 SAL: 3
sessions per drug dose 1.0 mg/kg: 2 1.0 mg/kg: 2
1.8 mg/kg: 8 1.8 mg/kg: 3
Average omissions 22.43 (4.22) N/A
& | Total number of 7 0
© sessions excluded
K
P
wn Number of excluded SAL:1 N/A
sessions per drug dose 0.1 mg/kg: 1
1.8 mg/kg: 5
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Table 5. Average omissions per session for each rat (included sessions only).

Series | Strain | Rat/Dose SAL 0.1 0.3 1.0 mg/kg 1.8 mg/kg
mg/kg mg/kg
F-1 -- -- 3.33 - 2.00
F-2 -- -- -- -- Excluded
s F-3 -- - -- - Excluded
o | F-4 -- - -- - 5.50
F-5 - - - - Excluded
% F-6 - - - - 23.00
(0]
% L-1 -- -- -- Excluded  Excluded
~N -2 - - - - -
L-3 -- - - -- 8.00
3
- | L4 - - - - -
L-5 -- -- 0.67 -- --
L-6 - -- 2.00 8.67 --
F-1 - -- -- 0.33 15.00
F-2 - - -- -- 27.00
3 F-3 -- 025 - 1.00 1.50
L | F4 - - - - -
" F-5 -- -- 2.33 4.25 7.00
3 F-6 - - - 1.33 3.00
f L-1 - - - -- 0.33
ﬂ L-2 - - - - 067
E L-3 == == == - o
S| L4 - - - - -
L-5 -- - - - --

L-6
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Table 6. Bisection point (BP), difference limen (DL), Weber fraction (WF), and coefficient of

determination (R?) for each series of the baseline phase.

Fischer 344 Lewis
25Vs.8s

Rat BP DL WF R? Rat BP DL WF R?
F1 5.12 1.57 031 0.32* | L1 4.23 0.65 0.15 0.02*
F2 4.39 0.65 0.15 099 |L2 3.82 0.75 0.20 0.99
F3 5.48 1.41 0.26 093 |L3 4.83 0.70 0.15 0.77
F4 4.17 0.61 0.15 097 |L4 3.79 0.56 0.15 0.87
F5 4.47 0.81 0.18 094 |L5 4.16 0.55 0.13 0.96
F6 4.13 0.81 020 098 |L6 4.25 0.74 0.17 1.00
Mean 4.63 0.98 0.21 0.86 Mean 4.18 0.66 0.16 0.85
SEM 0.20 0.12 0.02 002 SEM 0.15 0.03 0.01 0.91

4svs.16s
Rat BP DL WF R? Rat BP DL WF R?
F1 23.82 17.15 0.72 0.08* | L1 10.64 2.54 0.24 0.71
F2 7.15 1.27 0.18 071 |L2 9.20 1.88 0.20 0.90
F3 9.61 1.64 0.17 1.00 |L3 8.71 1.47 0.17 0.97
F4 8.24 1.65 020 099 |L4 16.17 16.14 1.00 0.21*
F5 7.62 1.14 015 099 |L5 7.53 1.37 0.18 0.85
F6 9.08 1.47 0.16 097 |L6 7.48 1.24 0.17 1.00
Mean 10.92 4.05 0.26 0.79 | Mean 9.95 411 0.33 0.77
SEM 0.57 0.44 0.02 005 |SEM 1.33 2.39 0.13 0.12

10svs. 40 s
Rat BP DL WF R? Rat BP DL WF R?
F1 29.71 9.34 031 100 |L1 22.70 4.67 0.21 1.00
F2 23.08 5.43 024 091 |L2 16.66 5.56 0.33 0.69
F3 15.92 6.67 0.42  0.45*% | L3 19.75 3.71 0.19 1.00
F4 22.82 3.68 0.16 098 |L4 16.04 7.42 0.46 1.00
F5 23.95 6.15 026 099 |L5 19.73 3.80 0.19 0.92
F6 22.50 6.40 028 0.82 |L6 26.36 11.99 0.45 0.81
Mean 23.00 6.28 0.28 0.86 | Mean 20.21 6.19 0.31 0.90
SEM 1.21 0.45 0.03 0.08 |SEM 1.50 1.25 0.05 0.05

15s5vs.60s
Rat BP DL WF R? Rat BP DL WF R?
F1 23.50 28.12 1.20 1.00 |L1 34.05 14.06 0.41 1.00
F2 30.53 7.24 024 079 |L2 17.87 18.99 1.06 0.94
F3 32.18 9.88 031 056 |L3 29.34 14.33 0.49 0.88
F4 31.75 7.31 023 069 |L4 28.49 8.17 0.29 0.91
F5 32.48 11.69 036 0.69 |L5 26.91 7.24 0.27 0.79
F6 64.64 29.24 045 069 |L6 28.49 8.17 0.29 0.91
Mean 35.85 15.58 0.46 0.74 | Mean 27.53 11.83 0.47 0.90
SEM 5.40 3.40 0.04 003 |SEM 1.75 1.87 0.12 0.02

*R? value less than 0.5
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Table 7. Minimum (Min), range, bisection point (Mu), standard deviation (Sigma), and
coefficient of determination (R?) for baseline phase.
Fischer 344 | Lewis
25Vs. 85
Rat  Min Range Mu Sigma R? |Rat Min Range Mu Sigma R?
F1 0.04 094 474 1.59 087 |L1 0.01 0.99 4.25 0.94 1.00
F2 0.01 0.99 446 1.05 098 |L2 0.01 0.99 3.67 0.66 0.90
F3 0.02 0.96 5.07 144 097 | L3 0.00 1.00 4.83 0.54 0.99
F4 0.00 1.00 4.12 0.80 0.99 | L4 0.00 1.00 3.72 0.57 1.00
F5 0.02 0.97 445 1.26 0.98 | L5 0.00 1.00 4.14 0.71 1.00
F6 0.04 0.96 4.13 1.19 1.00 | L6 0.04 0.96 4.34 131 0.92
Mean 0.02 0.97 4.49 1.22 096 Mean 0.01 0.99 4.16 0.79 0.97
SEM 0.01 0.01 0.15 0.11 0.02 SEM 0.01 0.01 0.18 0.12 0.02
4svs.16s
Rat  Min Range Mu Sigma R? |Rat Min Range Mu Sigma R?
F1 0.06 0.84 10.52 423 090 |L1 0.04 0.85 11.16 3.99 0.94
F2 0.00 1.00 6.92 0.72 0.99 | L2 0.03 0.97 9.28 2.72 0.98
F3 0.01 098 989 253 0.99|L3 0.01 0.99 8.87 2.13 0.99
F4 0.04 095 844 259 096 | L4 0.26 0.70 7.21 5.07 0.81
F5 0.00 1.00 7.54 1.31 0.99 | L5 0.00 1.00 7.29 1.15 0.99
F6 0.00 1.00 9.14 1.73 1.00 | L6 0.01 099 744 143 1.00
Mean 0.02 0.96 8.74 2.18 0.97 | Mean 0.06 0.92 854 2.75 0.95
SEM 0.01 0.03 0.56 0.50 0.01|SEM 0.04 0.05 0.63 0.62 0.03
10svs.40s
Rat Min Range Mu Sigma R?> |Rat Min Range Mu Sigma R?
F1 0.05 0.80 2840 11.10 098 |L1 0.04 0.95 23.06 7.31 0.98
F2 0.08 0.88 23.90 9.71 0.98 | L2 0.22 0.78 16.72 8.60 0.87
F3 0.00 1.00 16.87 260 091 |L3 0.08 0.92 1955 6.77 0.98
F4 0.02 0.98 23.64 6.46 0.97 | L4 0.20 0.79 17.68 9.20 0.92
F5 0.13 0.69 2682 14.74 0.90 | L5 0.02 0.98 19.48 458 0.98
F6 0.17 0.70 23.94 1457 0.94 | L6 0.24 0.71 18.86 12.68 0.72
Mean 0.07 0.84 23.93 9.86 0.95| Mean 0.13 0.86 19.22 8.19 0.91
SEM 0.03 0.05 162 193 0.01|SEM 0.04 0.04 0.89 1.11 0.04
15svs. 60 s
Rat Min Range Mu Sigma R?> |Rat Min Range Mu Sigma R?
F1 0.19 0.76 31.06 1813 0.89|L1 0.09 0.88 33.48 14.04 0.98
F2 0.06 0.93 30.93 1048 0.93|L2 0.28 0.69 25.69 18.21 0.82
F3 0.09 0.87 34.14 1433 0.89 L3 0.15 0.83 30.60 15.03 0.97
F4 0.06 0.93 3209 11.00 0.92 L4 0.07 0.93 2941 9.85 0.94
F5 0.12 0.84 3344 1552 094 |L5 0.05 0.95 26.95 7.16 0.97
F6 0.02 0.90 4238 1269 0.97|L6 0.23 0.70 30.27 20.64 0.87
Mean 0.09 0.87 34.01 13.69 0.92 | Mean 0.15 0.83 29.40 14.15 0.92
SEM 0.02 0.03 1.75 1.18 0.01 | SEM 0.04 0.05 1.13 2.05 0.03




TEMPORAL BISECTION IN LEWIS AND FISCHER 344 RATS

Table 8. Bisection point (BP), difference limen (DL), Weber fraction (WF), and coefficient of
determination (R?) for the 2-s-vs.-8-s duration series of the drug administration phase.

Fischer 344 | Lewis
Saline

Rat BP DL WF R? Rat BP DL WF R?

F1 2.93 1.95 0.67 0.37* L1 4.53 1.05 0.23 0.80
F2 2.97 2.64 0.89 0.30* L2 4.24 0.77 0.18 1.00
F3 4.56 0.74 0.16 0.70 L3 4.24 0.80 0.19 0.81
F4 4.94 0.87 0.18 0.80 L4 3.59 1.08 0.30 1.00
F5 4.49 1.28 0.29 0.63 L5 3.73 0.68 0.18 0.77
F6 4.66 1.08 0.23 1.00 L6 3.63 1.04 0.29 0.98
Mean 4.09 1.43 0.40 0.63 Mean 3.99 0.90 0.23 0.89

(SEM) (0.37)  (0.30) (0.12) (0.11) | (SEM) (0.16)  (0.07)  (0.02)  (0.05)

0.1 mg/kg d-AMP

Rat BP DL WF R? Rat BP DL WF R?

F1 4.69 1.41 0.30 0.69 L1 3.54 0.79 0.22 0.91
F2 5.69 4.88 0.86 0.31* L2 5.55 4.44 0.80 0.07*
F3 4.88 0.70 0.14 0.80 L3 4.07 0.60 0.15 1.00
F4 4.46 0.60 0.13 0.98 L4 4.07 0.90 0.22 1.00
F5 431 0.54 0.13 1.00 L5 3.44 0.63 0.18 0.69
F6 4.40 0.75 0.17 0.90 L6 3.66 1.83 0.50 0.94
Mean 4.74 1.48 0.29 0.78 Mean 4.05 1.53 0.35 0.77

(SEM) (0.21)  (0.69) (0.12) 0.11) | (SEM) (032) (0.61)  (0.10) (0.15)

0.3 mg/kg d-AMP

Rat BP DL WEF R? Rat BP DL WEF R?

F1 N/A N/A N/A N/A L1 3.33 0.89 0.27 0.95
F2 5.23 1.16 0.22 0.80 L2 4.07 0.60 0.15 1.00
F3 4.46 1.19 0.27 0.98 L3 3.33 0.74 0.22 0.85
F4 3.27 1.19 0.36 0.98 L4 3.14 0.93 0.30 0.79
F5 6.57 3.75 0.57 0.69 L5 3.98 0.75 0.19 0.87
F6 4.83 0.92 0.19 0.89 L6 3.67 0.89 0.24 0.65
Mean  4.87 1.64 0.32 0.87 Mean 3.59 0.80 0.23 0.85

(SEM) (0.54)  (0.53) (0.07) (0.06) | (SEM) (0.16)  (0.05)  (0.02) (0.05)

1.0 mg/kg d-AMP

Rat BP DL WF R? Rat BP DL WF R?
F1 4.52 0.90 0.20 1.00 L1 N/A N/A N/A N/A
F2 6.10 2.44 0.40 0.94 L2 1.88 1.88 1.00 0.69
F3 5.23 1.74 0.33 0.80 L3 -3.05 4.58 1.50 0.15*
F4 2.44 1.33 0.55 0.95 L4 4.79 131 0.27 0.80
F5 3.49 1.74 0.50 0.80 L5 2.93 0.93 0.32 0.83
F6 2.44 1.63 0.67 0.31* | L6 3.33 111 0.33 0.85
Mean 4.04 1.63 0.44 0.80 Mean 1.98 1.96 0.68 0.66

(SEM) (0.61)  (0.21) (0.07) (0.10) | (SEM) (1.10)  (0.67)  (0.24) (0.13)

1.8 mg/kg d-AMP

Rat BP DL WF R? Rat BP DL WEF R?
L2 10.32 3.75 0.36 0.69
L3 6.34 1.76 0.28 0.88
F4 5.39 0.95 0.18 0.80 L4 10.32 3.75 0.36 0.69
L5 4.36 1.31 0.30 0.80
Mean Mean 7.84 2.64 0.33 0.77
(SEM) N/A N/A N/A N/A (SEM) (1.49) (1.65) (0.02) (0.05)

*R2 value less than 0.5.
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Table 9. Minimum (Min), range, bisection point (Mu), standard deviation (Sigma), and
coefficient of determination (R?) for the 2-s-vs.-8-s duration series of the drug administration
phase.

Fischer 344 | Lewis

Saline

Rat Min  Range Mu Sigma R? Rat Min  Range Mu Sigma R?

Fi 0.12 0.88 3.51 1.26 091 | L1 0.03 0.96 4.63 1.40 0.97
F2 0.13  0.87 3.87 1.63 0.84 | L2 0.04 0.95 4.33 1.36 0.98
F3 0.00 1.00 4.66 0.51 093 | L3 0.03 0.97 4.24 1.18 0.95
F4 0.00  0.99 5.00 1.15 094 | L4 023 0.75 3.57 2.11 0.96
F5 0.05 0.93 4.58 1.98 095 | L5 0.00 1.00 3.59 0.50 0.97
F6 0.04 0.96 4.60 1.44 1.00 | L6 0.05 0.95 3.73 1.07 0.98
Mean 0.06 0.94 4.37 1.33 093 Mean 0.06 0.93 4.01 1.27 0.97
SEM 0.02  0.02 0.23 0.20 002 SEM 0.03 0.04 0.18 0.21 0.00

0.1 mg/kg d-AMP

Rat Min  Range Mu Sigma R? Rat Min  Range Mu Sigma R?

F1 0.07 0.92 441 1.61 094 | L1 024 071 3.78 2.53 0.61
F2 0.08  0.89 4.60 1.84 090 | L2 0.15 0.77 4.60 249 0.78
F3 0.00 1.00 4.93 0.22 098 | L3 0.01 0.99 4.01 0.92 0.98
F4 0.05 0.93 4.70 1.16 0.87 | L4 0.10 0.88 4.32 1.82 0.89
F5 0.05 0.93 4.72 1.64 0.83 | L5 0.00 1.00 3.36 0.24 0.99
F6 0.01  0.99 4.53 1.14 096 | L6 0.11 0.89 3.86 1.50 0.96
Mean 0.04 094 4.65 1.27 091 | Mean 0.10 0.87 3.99 1.58 0.87
SEM 0.01 0.02 0.07 0.24 0.02 |SEM 0.04 0.05 0.18 0.37 0.06

0.3 mg/kg d-AMP

Rat Min  Range Mu Sigma R? Rat Min  Range Mu Sigma R?

Fi 0.16  0.70 4.95 291 078 | L1 0.10 0.90 3.40 111 0.97
F2 0.00  0.99 5.05 1.16 097 | L2 0.00 1.00 4.04 0.78 0.99
F3 0.05 094 4.52 1.55 098 | L3 0.03 0.97 3.33 0.71 0.98
F4 0.09 0.91 3.55 1.17 093 | L4 029 071 2.90 1.65 0.85
F5 0.07 0.82 5.20 2.22 094 | L5 0.08 0.92 3.97 1.37 0.92
F6 0.01 0.98 4.85 1.29 097 | L6 0.09 091 3.64 1.21 0.87
Mean 0.07 0.89 4.69 1.72 093 | Mean 0.10 0.90 3.55 1.14 0.93
SEM 0.02  0.05 0.25 0.29 0.03 |SEM 0.04 0.04 0.17 0.15 0.02

1.0 mg/kg d-AMP

Rat Min  Range Mu Sigma R? Rat Min Range Mu Sigma R?

Fi 0.15  0.69 5.08 2.94 0.87
F2 0.10 0.70 5.61 2.81 098 | L2 023 0.77 2.92 1.22 0.34*
F3 0.17  0.70 4.75 291 0.83 | L3 0.57 043 1.69 1.86 0.81
F4 029 071 2.81 1.47 090 | L4 0.08 0.83 511 2.18 0.96
F5 027 0.70 3.57 2.51 095 | L5 0.03 0.97 3.18 0.63 1.00
F6 0.34 0.66 2.81 1.96 050 | L6 0.06 094 3.49 0.97 0.96
Mean 0.22  0.69 411 2.43 0.84 | Mean 0.19 0.79 3.28 1.37 0.81
SEM 0.04 0.01 0.49 0.24 0.07 |SEM 0.10 0.0 0.55 0.29 0.12

1.8 mg/kg d-AMP

Rat Min  Range Mu Sigma R? Rat Min Range Mu Sigma R?

F1 0.06 0.08 21.47 12.28 0.06* | L2 0.02 0.52 7.74 2.77 0.95
F4 0.19 0.22 10.25 9.21 0.14* | L3 0.07 0.26 10.66 5.72 0.57
L5 0.06 0.93 4.47 1.57 0.96
L6 0.00 1.00 3.06 0.12 0.99
Mean 0.12 0.15 15.86 10.75 0.10 Mean 0.04 0.68 6.48 2.55 0.87
SEM 0.06 0.07 5.61 1.53 0.04 SEM 0.02 0.18 1.70 1.19 0.10
*R? value less than 0.5
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Table 10. Bisection point (BP), difference limen (DL), Weber fraction (WF), and coefficient of
determination (R?) for the 15-s-vs.-60-s duration series of the drug administration phase.

Fischer 344 Lewis
Saline
Rat BP DL WEF R? Rat BP DL WF R?
F1 31.30 6.94 0.22 0.98 L1 35.05 6.77 0.19 0.80
F2 31.15 11.07 0.36 0.59 L2 32.92 10.75 0.33 0.88
F3 35.25 8.08 0.23 0.98 L3 28.95 6.33 0.22 0.94
F4 44.08 13.54 0.31 0.80 L4 33.41 8.63 0.26 0.85
F5 33.41 11.51 0.34 0.85 L5 33.62 23.14 0.69 0.98
F6 35.05 13.54 0.39 0.80 L6 81.72 47.24 0.58 0.15
Mean 35.04 10.78 0.31 0.84 Mean  40.94 17.15 0.38 0.77
SEM 1.94 1.12 0.03 0.06 SEM 8.20 6.53 0.08 0.13
0.1 mg/kg d-AMP
Rat BP DL WF R? Rat BP DL WF R?
F1 28.10 10.96 0.39 0.69 L1 27.37 4,75 0.17 0.94
F2 28.78 5.27 0.18 1.00 L2 26.81 11.18 0.42 0.51
F3 40.28 19.49 0.48 0.69 L3 31.33 7.21 0.23 0.82
F4 36.84 18.93 0.51 0.31 L4 29.34 10.75 0.37 0.88
F5 26.02 40.63 1.56 0.80 L5 24.78 10.35 0.42 0.95
F6 32.29 7.03 0.22 1.00 L6 31.60 4.79 0.15 0.86
Mean 32.05 17.05 0.56 0.75 Mean  28.54 8.17 0.29 0.83
SEM 2.26 5.30 0.21 0.10 SEM 1.10 1.22 0.05 0.07
0.3 mg/kg d-AMP
Rat BP DL WF R? Rat BP DL WF R?
F1 36.18 10.16 0.28 0.80 L1 6.17 43.85 7.11 0.69
F2 37.93 22.20 0.59 0.09 L2 13.13 14.24 1.08 0.94
F3 53.11 20.32 0.38 0.80
F4 4459 10.55 0.24 1.00 L4 34.89 19.60 0.56 0.49
F5 81.72 106.30 1.30 0.15 L5 19.54 11.00 0.56 0.93
F6 34.49 8.91 0.26 0.54 L6 35.41 73.09 2.06 0.69
Mean 48.00 29.74 0.51 0.56 Mean  21.83 32.36 2.05 0.75
SEM 7.30 15.48 0.17 0.15 SEM 5.84 11.70 1.33 0.08
1.0 mg/kg d-AMP
Rat BP DL WF R? Rat BP DL WF R?
F1 L1 14.66 63.50 4.33 0.20
F2 25.46 38.05 1.49 0.36 L2 35.41 19.49 0.55 0.69
F3 -8.45 21.93 2.60 0.69 L3 -14.62 54.18 3.71 0.80
F4 53.11 20.32 0.38 0.80 L4 -1.14 21.93 19.26 0.69
F5 66.02 271.77 0.42 0.98 L5 41.00 52.35 1.28 0.06
F6 46.41 23.81 0.51 0.20 L6 19.73 13.88 0.70 0.98
Mean 36.51 26.38 1.08 0.61 Mean 15.84 37.56 497 0.57
SEM 13.01 3.17 0.43 0.14 SEM 8.66 8.75 2.93 0.15
1.8 mg/kg d-AMP
Rat BP DL WF R? Rat BP DL WF R?
F1 107.29 40.63 0.38 0.80 L1 -48.84 47.63 0.98 0.20
F2 19.73 9.26 0.47 0.98 L2 42.88 13.88 0.32 0.98
L3 94.45 95.87 1.02 0.03
F4 7.37 52.11 7.07 0.07 L4 -14.62 40.63 2.78 0.80
F5 38.99 7.36 0.19 0.99 L5 36.92 76.70 2.08 0.03
Mean 43.35 27.34 2.03 0.71 Mean 22.16 54.94 1.43 0.41
SEM 22.28 11.24 1.68 0.22 SEM 24.77 14.30 0.44 0.20

*R2 value less than 0.5.
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Table 11. Minimum (Min), range, bisection point (Mu), standard deviation (Sigma), and
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coefficient of determination (R?) for the 15-s-vs.-60-s duration series of the drug administration

phase.
Fischer 344 Lewis
Saline
Rat Min Range Mu Sigma  R? Rat Min  Range Mu Sigma R?
F1 0.06 0.94 31.55 10.66 099 | L1 0.01 0.99 35.34 8.05 0.97
F2 0.09 0.90 32.01 12.70 092 | L2 0.23 0.61 34.23 25.97 0.94
F3 0.05 0.90 37.11 13.66 0.97 | L3 0.06 094 28.77 8.94 0.96
F4 0.01 0.96 39.08 10.97 098 | L4 0.05 0.95 32.68 10.58 0.97
F5 0.13 0.78 35.43 18.11 093 | L5 0.20 0.69 33.73 22.00 0.94
F6 0.08 0.87 35.63 14.64 095 | L6 0.02 0.93 4041 11.97 0.94
Mean 0.07 0.89 35.14 13.46 096 Mean 0.09 0.85 34.19 14.58 0.95
SEM 0.02 0.02 1.19 1.12 001 SEM 0.04 0.07 1.55 3.07 0.01
0.1 mg/kg d-AMP
Rat Min Range Mu Sigma  R? Rat Min  Range Mu Sigma  R?
F1 0.20 0.77 29.11 16.74 0.89 | L1 0.01 0.99 26.79 4.99 1.00
F2 0.01 0.99 28.64 6.26 099 | L2 0.20 0.78 27.89 15.21 0.91
F3 0.08 0.84 37.70 15.92 094 | L3 0.08 0.92 30.49 10.82 0.95
F4 0.05 0.94 33.74 11.53 091 | L4 032 051 30.09 31.76 0.90
F5 0.12 0.84 33.19 15.30 0.83 | L5 0.20 0.79 26.55 13.93 0.96
F6 0.11 0.86 33.10 14.56 0.95 | L6 0.06 094 32.33 10.89 0.86
Mean 0.09 0.87 32.58 13.38 0.92 | Mean 0.14 0.82 29.02 14.60 0.93
SEM 0.03 0.03 1.36 1.60 0.02 | SEM 0.05 0.07 0.94 3.72 0.02
0.3 mg/kg d-AMP
Rat Min Range Mu Sigma R? Rat Min  Range Mu Sigma  R?
F1 0.11 0.69 41.70 21.83 088 | L1 0.31 0.67 23.70 17.89 0.90
F2 0.18 0.67 36.20 22.95 0.72 | L2 0.56 0.43 21.40 11.93 0.93
F3 0.03 0.83 43.53 15.35 098 | L3 0.24 0.74 26.70 16.71 0.86
F4 0.02 0.83 44,79 14.51 099 | L4 0.53 0.07 -6.53 255.21 0.08*
F5 0.21 0.62 36.09 25.79 091 | L5 0.28 0.72 23.13 13.67 0.84
F6 0.13 0.80 33.89 17.05 0.84 | L6 0.18 0.75 31.99 18.84 0.88
Mean 0.11 0.74 39.37 19.58 0.89 | Mean 0.35 0.56 20.07 55.71 0.75
SEM 0.03 0.04 1.85 1.87 0.04 | SEM 0.06 0.11 5.53 39.91 0.13
1.0 mg/kg d-AMP
Rat Min Range Mu Sigma R? Rat Min  Range Mu Sigma R?
F1 0.01 0.17 89.47 33.20 0.70
F2 0.47 0.25 68.48 20.94 082 | L2 0.44 0.06 309.62 62.47 0.09*
L3 0.67 0.13 -32.38  107.76  0.58
F4 0.10 0.58 48.05 25.85 095 | L4 0.74 0.18 -24.73  62.01 0.40*
F5 0.17 0.15 101.42 91.72 0.32* | L5 0.49 0.19 90.14 16.16 0.36*
F6 0.60 0.18 -7.50 85.23 0.25* | L6 0.58 0.22 -0.08 71.21 0.58
Mean 0.27 0.27 59.99 51.39 0.61 | Mean 0.59 0.16 68.52 63.92 0.40
SEM 0.11 0.08 19.18 15.30 0.14 | SEM 0.05 0.03 64.10 14.60 0.09
1.8 mg/kg d-AMP
Rat Min Range Mu Sigma R? Rat Min  Range Mu Sigma R?
L2 0.18 0.26 67.93 58.44 0.62
L3 0.30 0.07 133.30 22094 0.14*
F5 0.12 0.09 157,12 12095 0.05* | L4 0.68 0.21 -12.96  58.80 0.51
F6 0.54 0.46 14.43 5.62 0.34* | L6 0.48 0.18 18.66 96.22 0.62
Mean 0.33 0.28 85.77 63.28 0.20 | Mean 0.41 0.18 51.73 108.60 0.47
SEM 0.21 0.18 71.34 57.67 0.14 | SEM 0.11 0.04 31.88 38.48 0.12

*R2 value less than 0.5.
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Figure 1. Hypothetical psychophysical function, where the bisection point is the mean of the
function and the standard deviation is its slope.
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Figure 2. Proportion correct across correction and regular training sessions for the initial
temporal discrimination (2-s-vs.8-s duration pair) for individual LEW rats. Open symbols and
dashed lines represent correction sessions whereas filled symbols and solid lines represent

regular sessions.
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Figure 3. Proportion correct across correction and regular training sessions for the initial
temporal discrimination (2-s-vs.8-s duration pair) for individual F344 rats. Open symbols and
dashed lines represent correction sessions whereas filled symbols and solid lines represent

regular sessions.
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Figure 4. Results from two-duration training for each series (x-axes) during the baseline phase.
Panels represent: Total training sessions (top), total correction sessions, number of sessions
required to meet the criterion of 75% correct responses to both short and long durations (bottom).
Error bars represent standard error of the mean. Asterisks indicate a significant difference (p<
.05) with the previous series.
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Figure 5. Baseline proportion long response across durations presented in baseline test sessions,
averaged by each rat (4 sessions each) and strain (6 rats per strain). Panels represent the four
different duration series. Error bars represent standard error of the mean.
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Figure 6. Boxplot of average proportion long response for each series of the baseline phase,
under which there was a significant main effect of strain for this variable. Filled boxes represent
data from F344 rats and open boxes represent data from LEW rats. Horizontal lines indicate the
median, box edges indicate first and third quartiles, and error bars indicate minimum and
maximum. Circular data points represent outliers.
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Figure 9. Proportion long response across durations from test sessions averaged by drug dose and
strain for the 2-s-vs.8-s duration series.
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Figure 10. Boxplot of average proportion long response for each dose of the 2-s-vs.-8-s series of
the drug administration phase, under which there was a significant main effect of strain for this
variable. Data from 1.8 mg/kg dose shown, but not included in statistical analyses. Filled boxes
represent data from F344 rats and open boxes represent data from LEW rats. Horizontal lines
indicate the median, box edges indicate first and third quartiles, and error bars indicate minimum
and maximum. Circular data points represent outliers.
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Figure 11. Mean bisection points, difference limen values, and Weber fractions from the linear
analyses of the 2-s-vs.-8-s series across drug doses for LEW and F344 rats. The abscissa of each
panel represents dose in mg/kg, with “SAL” indicating saline administration. *Indicates a main
effect of dose with no significant pairwise comparisons. **Indicates a main effect of strain at
dose indicated.



TEMPORAL BISECTION IN LEWIS AND FISCHER 344 RATS 83

-W-F344
<+LEW

N
o
1

[ERY
(6]
1

Bisection Point (s)
H
o

1
i
ﬁ

—L_!
O T T T T 1
SAL 0.1 0.3 1 1.8
12 -
10 -
c
.g g -
!
g 6-
S **
E 4 - a a
©
c
8 2 -
n O
O T T T T 1
SAL 0.1 0.3 1 1.8
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Figure 14. Boxplot of average proportion long response for each dose of the 15-s-vs.-60-s series
of the drug administration phase, under which there was a significant main effect of strain for
this variable. Data from 1.8 mg/kg dose shown, but not included in statistical analyses. Filled
boxes represent data from F344 rats and open boxes represent data from LEW rats. Horizontal
lines indicate the median, box edges indicate first and third quartiles, and error bars indicate
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Category Term Definition Synonyms or Relevance
temporal control  Behavior differentiated by durations of Timing, temporal
time discrimination
temporal Procedure in which temporal control is
bisection established between two intervals,
each associated with their own
operandum. Subsequently,
intermediate values are presented to
determine the duration at which
responding is equivalently distributed
between the two operanda.
psychophysical The sigmoidal function generated when  Sigmoidal function
function proportion of responses on the lever
associated with the long duration are
38 plotted against the duration of the given
g trial
[}
% intertrial interval ~ Time between the offset of one trial ITls varied in the present
o (ITn (e.g., reinforcer presentation) and the study to ensure all trial
5 onset of the next trial (and the stimulus  lengths were 100 s
= duration)
o
% geometric mean  The nth root of the product of n Organisms typically show
o numbers bisection points at the
geometric mean, inidcating
that temporal control relies
on relative, rather than
absolute, differences
between stimuli.
bisection point The duration at which responding in a Mu, mean, point of
temporal bisection procedure is subjective equality
equivalently distributed between both As average proportion long
operanda that were associated with the  response increases,
two trained intervals. bisection points tend to
decrease.
Can be determined using the
linear or Gaussian method.
standard Indicator of the steepness of the Sigma
deviation psychophysical function, or the
'§ precision of temporal control
% range The difference between the value of y A measure of accuracy at
= at the longest duration, and the value of the trained durations
2 x at the shortest duration of the given
= series (the minimum).
o
minimum The value of y at the shortest duration A measure of accuracy at

in the given series

the shortest duration
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Weber fraction Ratio of the difference limen to the Standardized measure of
bisection point. Indicates the ratio of the stimulus control, can be
"just-noticeable difference" in duration used to quantify sensitivity to
to the intensity (average length) of the changing stimuli across a
duration wide array of dimensions.
Within the same dimension,

§ the Weber fraction stays

5] constant across stimulus

= values.

3

.5 difference limen  Using the linear method, the difference A measure of precision,
between the points at which 25 and 75  higher values indicate less

% of responses to the lever associated  precision or differentiation

with the long duration occur, divided by  between responses.

2 Indicates the "just-noticeable
difference" between two
stimuli.

Levene'stest of  Checks the assumption of homogeneity Used when determining if
" the equality of of variance between groups ANOVA is appropriate. Log-
Q error variances transformations can make
%‘ variance more similar
g between groups to overcome
= a significant Levene's test.
[8)
Q Mauchly's test of  Tests the variance differences between Violations of sphericity in
g sphericity all possible pairs of within-subject ANOVA can be corrected for

conditions (here, drug doses across rat by using adjusted degrees of
strains). freedom.
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Table B1. Data from original Gaussian analyses at baseline. Minimum (Min), range, bisection

point (Mu), standard deviation (Sigma).

Fischer 344 | Lewis
2s5vs.8s

Rat Min Range Mu Sigma | Rat Min  Range Mu Sigma
F1 -0.11  1.07 4.32 1.80 L1 0.04 094 427 0.80
F2 0.05 0.86 4.38 0.70 L2 0.03 0.82 3.54 0.40
F3 0.10 0.84 5.17 0.85 L3 003 095 493 0.20
F4 -0.01 100 4.09 0.80 L4 -0.01 0.98 3.68 0.55
F5 0.03 095 447 1.14 L5 0.02 098 415 0.68
F6 -0.01  0.99 4.08 1.18 L6 0.04 0.77 3.83 0.36
Mean 0.01 0.95 4.42 1.08 Mean 0.02 091 4.07 0.50
SEM 0.03 0.04 0.16 0.16 SEM 001 004 021 0.09

4svs.16s
Rat Min Range Mu Sigma | Rat Min  Range Mu Sigma
F1 -0.05 1.87 1494  7.45 L1 -0.33 149 10.03 6.98
F2 0.04 0091 6.83 0.53 L2 0.03 0.78 7.97 0.46
F3 -0.03 0.98 9.55 2.42 L3 0.03 0.92 8.75 1.73
F4 -0.02 0.92 7.81 2.07 L4 0.00 0.92 6.55 413
F5 0.02 096 7.56 1.21 L5 0.02 094 7.25 1.01
F6 0.03 097 9.20 1.61 L6 -0.03 1.04 7.39 1.54
Mean 0.00 1.10 9.31 2.55 Mean -0.05 1.02 7.99 2.64
SEM 0.02 0.5 1.20 1.02 SEM 0.06 010 051 1.01

10svs.40s
Rat Min Range Mu Sigma | Rat Min  Range Mu Sigma
F1 0.04 090 28.02 9.45 L1 0.00 0.89 2163 5.86
F2 0.10 0.65 1998 0.58 L2 025 0.59 1728 1.73
F3 0.02 0.84 1596 031 L3 0.13 0.80 20.16 3.96
F4 0.05 0.82 2253 361 L4 016 0.74 1795 511
F5 0.02 0.96 1894 296 L5 0.00 094 18.84 3.79
F6 -0.17 1.04 1764 1370 | L6 0.07 0.67 1395 142
Mean 0.01  0.87 2051 5.10 Mean 0.10 0.77 1830 3.64
SEM 0.04 0.05 1.75 2.18 SEM 0.04 0.05 1.08 0.73

155vs.60s
Rat Min Range Mu Sigma | Rat Min  Range Mu Sigma
F1 0.24 052 29.84 0.58 L1 0.16 0.64 30.09 0.59
F2 0.10 0.73 29.68 0.58 L2 024 056 23.60 0.93
F3 0.02 0.69 2402 031 L3 -0.37  1.37 22.62 20.18
F4 0.04 0.76 27.67  3.27 L4 0.01 0.86 2694  6.45
F5 -0.18 1.10 2719 16.12 | L5 0.06 0.88 26.59  4.67
F6 013 0.69 41.73  0.58 L6 022 0.55 2759  3.80
Mean 0.06 0.75 30.02 357 Mean 0.05 0.81 26.24  6.10
SEM 0.06 0.08 2.49 2.55 SEM 0.09 0.3 1.12 2.96
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Table B2. Data from original Gaussian analyses at the 2-s-vs.-8-s series of drug administration.
Minimum (Min), range, bisection point (Mu), standard deviation (Sigma) and coefficient of
variation (R?).

Fischer 344 | Lewis
Saline
Rat Min Range Mu Sigma R? Rat Min Range Mu Sigma R?
F1 0.10 0.75 3.22 0.15 094 | L1 -0.09 1.10 4.44 1.67 0.98
F2 -0.01 0.80 3.13 0.49 094 | L2 0.03 0.86 4.12 0.96 0.99
F3 0.07 0.80 4.66 0.32 0.98 | L3 -0.04 1.01 4.07 1.18 0.95

F4 0.07 0.77 4.82 0.41 100 | L4 0.23 0.65 3.86 0.93 0.99
F5 -0.02 1.00 4.46 1.61 095 | L5 0.07 0.86 3.61 0.37 0.99
F6 0.05 0.97 4,76 1.31 100 | L6 -024 121 3.26 1.37 0.99
Mean 0.04 0.85 4.17 0.71 097 Mean -0.01 0.95 3.90 1.08 0.98
SEM 0.02 0.04 0.32 0.24 0.01 SEM 0.07 0.08 0.17 0.18 0.01
0.1 mg/kg d-AMP
Rat Min Range Mu Sigma  R? Rat Min Range Mu Sigma  R?
F1 0.13 0.69 3.99 0.15 081 | L1
F2 -0.10 1.08 421 2.04 091 | L2 0.00 0.84 3.94 1.82 0.80
F3 0.00 0.91 4.88 0.26 100 | L3 0.09 0.90 4.14 0.68 1.00
F4 0.12 0.73 4.46 0.47 094 | L4 0.07 0.72 3.82 0.72 0.97
F5 0.05 0.76 4.05 0.15 0.90 | L5 0.06 0.94 3.36 0.19 1.00
F6 0.02 0.85 4.33 0.75 098 | L6 0.00 1.01 3.88 1.52 0.96
Mean 0.04 0.84 4.32 0.64 0.92 | Mean 0.05 0.88 3.83 0.98 0.94
SEM 0.04 0.06 0.13 0.30 0.03 | SEM 0.02 0.05 0.13 0.30 0.04
0.3 mg/kg d-AMP

Rat Min Range Mu Sigma R? Rat Min Range Mu Sigma R?
F1 -1.36 214 0.64 3.40 084 | L1 0.08 0.93 3.58 0.99 0.97
F2 0.03 0.84 4.88 0.75 099 | L2 -0.01  0.95 3.94 0.69 0.99

F3 0.00 0.91 4.28 1.33 0.99 | L3 0.13 0.87 3.48 0.48 1.00
F4 0.04 0.96 3.60 1.08 094 | L4 0.37 0.57 3.59 0.33 0.97
F5 0.11 0.55 4.00 0.16 0.74 | L5 0.12 0.72 3.79 0.38 0.98
F6 -0.06 1.02 4.64 1.35 0.98 | L6 0.14 0.71 3.52 0.31 0.98
Mean -0.21 1.07 3.67 1.35 091 | Mean 0.14 0.79 3.65 0.53 0.98
SEM 0.23 0.22 0.63 0.45 0.04 | SEM 0.05 0.06 0.07 0.11 0.00
1.0 mg/kg d-AMP

Rat Min Range Mu Sigma R? Rat Min Range Mu Sigma  R?
F1 0.22 0.49 4.86 0.15 0.87 | L1

F2 0.00 1.75 8.18 4.16 099 | L2 0.00 0.78 2.56 0.80 0.69
F3 0.00 1.00 4.75 291 0.83 | L3 0.00 0.98 171 1.66 0.81

F4 0.25 0.68 3.16 0.84 093 | L4 -0.39 137 3.73 3.14 0.97
F5 0.00 0.93 3.30 2.12 096 | L5 -0.04 1.04 3.14 0.68 1.00
F6 L6 0.02 0.87 3.33 0.68 0.99

Mean 0.09 0.97 4.85 2.03 0.92 | Mean -0.08 1.01 2.89 1.39 0.89
SEM 0.05 0.20 0.83 0.65 0.03 | SEM 0.08 0.10 0.35 0.47 0.06
1.8 mg/kg d-AMP
Rat Min Range Mu Sigma R? Rat Min Range Mu Sigma  R?
L2 0.00 0.53 5.68 1.44 0.97

F4 0.06 0.74 8.61 6.91 0.15 | L3
L5 -0.26 131 3.92 2.29 0.97
L6
Mean -0.13 0.92 4.80 1.87 0.97
SEM  0.09 0.27 0.62 0.30 0.00
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Table B3. Minimum (Min), range, bisection point (Mu), standard deviation (Sigma) and
coefficient of variation (R?) from original Gaussian analyses at the 15-s-vs.-60-s series of drug
administration.

Fischer 344 | Lewis
Saline
Rat Min Range Mu Sigma R? Rat Min Range  Mu Sigma R?
F1 0.06 0.90 31.83 8.68 1.00 L1 0.07 0.84 35.28 4.66 0.99
F2 -0.34 1.25 23.78 14.70 0.95 L2 -0.46 1.50 19.97 37.50 0.94
F3 -0.07 0.94 32.22 11.91 0.99 L3 0.10 0.80 28.20 4.93 0.99
F4 0.06 0.88 39.39 7.98 0.99 L4 -0.04 1.02 31.60 11.00 0.97
F5 -0.08 0.90 28.13 13.56 0.97 L5 -0.16 2.00 53.95 43.74 0.96
F6 -0.70 1.92 25.15 31.79 0.96 L6 0.12 0.83 42.00 5.80 0.97
Mean -0.18 1.13 30.08 14.77 0.97 Mean  -0.06 1.16 35.17 17.94 0.97
SEM 0.12 0.17 2.32 3.57 0.01 SEM 0.09 0.20 4.80 7.28 0.01
0.1 mg/kg d-AMP
Rat Min Range  Mu Sigma R? Rat Min Range  Mu Sigma R?
F1 -1.13 2.00 9.19 19.27 0.95 L1 0.06 0.94 27.39 4.22 1.00
F2 -0.01 0.98 28.16 6.04 0.99 L2 -0.98 2.00 10.71 2491 0.93
F3 -0.55 2.00 35.32 36.45 0.96 L3 -0.11 1.11 28.70 12.56 0.95
F4 0.06 0.97 35.35 10.43 0.91 L4 0.33 0.38 29.24 1.82 0.95
F5 -0.85 2.00 18.40 30.17 0.85 L5 -1.01 2.00 10.45 21.99 0.98
F6 0.00 0.87 30.01 10.99 0.97 L6
Mean -0.41 1.47 26.07 18.89 0.94 Mean -0.34 1.29 21.30 13.10 0.96
SEM 0.21 0.24 4.22 4.95 0.02 SEM 0.28 0.32 4.39 4.61 0.01
0.3 mg/kg d-AMP
Rat Min Range  Mu Sigma R? Rat Min Range Mu Sigma R?
F1 0.13 0.51 30.77 1.10 0.90 L1 -1.05 2.00 5.47 22.97 0.91
F2 0.25 0.53 37.09 124 0.81 L2 -0.79 1.74 0.01 20.70 0.96
F3 0.10 0.64 38.27 131 0.89 L3 -1.05 2.00 8.30 22.53 0.88
F4 0.06 0.65 38.07 131 0.92 L4 -0.10 0.68 13.73 1.29 0.22
F5 0.31 0.49 38.80 1.33 0.93 L5 0.20 0.69 24.20 6.63 0.88
F6 -0.05 1.01 31.36 17.07 0.84 L6 -1.08 2.00 8.49 26.36 0.91
Mean 0.13 0.64 35.73 3.89 0.88 Mean  -0.65 1.52 10.03 16.75 0.79
SEM  0.05 0.08 1.49 2.64 0.02 SEM 0.23 0.27 3.37 4.17 0.11
1.0 mg/kg d-AMP
Rat Min Range  Mu Sigma R? Rat Min Range  Mu Sigma R?
F1 -0.03 0.30 48.45 23.60 0.74 L1 0.40 -0.06 42.45 1.01 0.20
F2 -0.62 2.00 0.00 137.10 0.82 L2 0.42 0.07 26.98 0.61 0.32
F3 0.31 -0.43 0.00 383.67 0.01 L3 0.69 0.07 26.98 0.61 0.33
F4 0.16 0.58 44.59 10.34 0.99 L4 0.72 0.17 2431 0.61 0.81
F5 L5 0.50 0.14 26.68 0.60 0.39
F6 0.63 0.17 39.21 1.92 0.36 L6 0.59 0.18 30.09 0.60 0.75
Mean 0.09 0.52 26.45 111.33 0.58 Mean  0.55 0.09 29.58 0.67 0.47
SEM 0.19 0.37 9.95 66.05 0.16 SEM 0.06 0.04 2.94 0.07 0.11
1.8 mg/kg d-AMP
Rat Min Range  Mu Sigma R? Rat Min Range Mu Sigma R?
F1 0.01 -0.03 60.00 0.60 0.03 L1 0.07 0.03 54.00 0.59 0.02
F2 0.18 -0.06 60.00 0.60 0.01 L2 0.27 0.10 54.00 0.59 0.09
L3 0.31 0.03 34.09 0.49 0.03
F4 0.35 -0.11 54.00 0.59 0.19 L4 0.69 0.18 32.27 6.22 0.64
F5 0.15 0.00 54.00 0.59 0.00 L5 0.50 -0.10 60.00 3.75 0.04
F6 0.88 -0.28 54.00 0.59 0.28 L6 0.53 0.43 60.00 8.20 0.90
Mean 0.32 -0.10 56.40 0.59 0.10 Mean  0.40 0.11 49.06 331 0.29
SEM 0.20 0.07 1.90 0.00 0.07 SEM 0.11 0.09 6.30 1.66 0.19
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Figure B. Original hypothetical representation of a psychophysical function with free parameters
(minimum, slope, bisection point, and difference between asymptotes) labeled (adapted from
McClure et al., 2005).
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Appendix C: Minimum and Range Analyses

Baseline

Neither Mauchly’s test of sphericity nor Levene’s test of the equality of error variances
were significant across the range or the minimum in any of the four duration series. There was a
significant effect of series for the minimum and range of the function. This effect on both
minimum and range indicates that accuracy at the training durations was reduced for series with
longer durations, and the durations surrounding the training durations showed greater variability.
In addition, this effect was not only seen for shorter or longer trials (variability in the tails of the
function increased regardless of duration length within a series). Longer series resulted in greater
minimum values F(3,30)=7.29, p=.001) and shorter ranges F(3,30)=7.31, p=.001). For the
minimum, pairwise comparisons showed significant differences between the 2-8 and 10-40 series
(p<.05), and the 2-8 and the 15-60 series (p<.01), with the 2-8 series showing a smaller
minimum in both cases. For the range, pairwise comparisons showed significant differences
between the 2-8 series and the 10-40 series (p<.05), as well as the 2-8 series and the 15-60 series
(p=.001).

Drug Administration

2-5-VS.-8-s series.

Mauchly’s test of sphericity was significant for the minimum, y2(5)= 14.89, p<.05.
Levene’s test of the equality of error variances was only significant for range values at the 1.0 d-
AMP dose, F(1,10)=6.12, p<.05, so data were not log-transformed. There was a significant effect
of dose on the minimum F(1.53,15.30)=5.02, p<.05 and the range, F(3,30)=5.60, p<.01. d-AMP
dose dependently increased the minimum and decreased the range overall, across both strains of

rats. These results indicate that at all durations, accuracy at both of the training durations
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decreased, and functions appeared flatter. There were no significant pairwise comparisons for the
minimum. Pairwise comparisons for the range indicated significant differences between saline
and 1.0 mg/kg d-AMP, as well as 0.1 mg/kg and 1.0 mg/kg d-AMP (both p<.05).

15-s-vs.-60-s Series.

Levene’s test of the equality of variances was significant for the minimum and the range
at multiple doses. Levene’s test remained significant after log-transforming the data. Therefore,
due to the differences in variance between groups, nonparametric tests were used. There was a
significant effect of dose on the minimum, y%(3)= 19.40, p<.001, indicating that d-AMP reduced
accuracy of responses on trials presenting the shorter training duration. Significant differences in
the minimum were found between saline and 1.0 mg/kg d-AMP (Z=-2.90, p<.004), between
saline and 0.3 mg/kg d-AMP (Z=-2.90, p=.004), and between 0.1 and 1.0 mg/kg d-AMP (Z=-
2.82, p=.005). There was also a significant effect of strain at the 0.3 mg/kg d-AMP dose (Z=-
2.72, p=.006), indicating that this dose resulted in differences in responding to short durations
between LEW and F344, with LEW showing larger minimum values.

There was also a significant effect of dose on the range, x*(3)= 29.50, p<.001. Significant
differences were found between saline and 0.1 mg/kg d-AMP (Z=-3.06, p=.002), saline and 0.3
mg/kg d-AMP (Z=-2.98, p=.003), saline and 1.0 mg/kg d-AMP (Z=-3.06, p=.002), 0.1 and 0.3
mg/kg d-AMP (Z=-3.06, p=.002), 0.3 and 1.0 mg/kg d-AMP (Z=-2.98, p=.003), and, 0.1 and 1.0
mg/kg d-AMP (Z=-3.06, p=.002). There was no effect of strain on the range at any dose,

indicating that effects of d-AMP on the range were similar across strains.
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Figure C1. Minimum and range of Gaussian functions across strains and series for the baseline
phase. Error bars represent standard error of the mean. Pairwise significance for series indicated
by corresponding letters.
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Figure C2. Mean minimum and range parameters across drug doses for LEW and F344 rats from
the 2-s-vs.-8-s series. Error bars represent standard error of the mean. Pairwise comparisons
indicated with where letters correspond. *Indicates a main effect of dose with no significant
pairwise comparisons.
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Figure C3. Mean minimum and range parameters across drug doses for LEW and F344 rats from
the 15-s-vs.-60-s series. Error bars represent standard error of the mean. Pairwise comparisons
are indicated by corresponding letters. *Indicates significant strain difference at designated dose.
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Appendix D: Individual Rat Data
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Figure D1. Individual obtained functions averaged across sessions for F344 rats in the 2-s-vs.-8-s
series of the baseline phase. Error bars represent standard error of the mean.
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Figure D2. Individual obtained functions averaged across sessions for LEW rats in the 2-s-vs.-8-
s series of the baseline phase. Error bars represent standard error of the mean.
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Figure D3. Individual obtained functions averaged across sessions for F344 rats in the 4-s-vs.-
16-s series of the baseline phase. Error bars represent standard error of the mean.



TEMPORAL BISECTION IN LEWIS AND FISCHER 344 RATS 102

LEW:4svs. 16 s

L1
1.0 A1 1.0 A
0.8 - 0.8 -
0.6 - 0.6
0.4 - 0.4 1
0.2 0.2 1
0.0 - T T . 0.0 - f T T . )
40 50 6.3 8.0 10.0 12.7 16.0 40 50 6.3 8.0 10.0 12.7 16.0
L3 L4
O 1.0 1.0 A
(2}
[
o
Q. 08 0.8 -
(%2}
&
0.6 - 0.6
(@)}
c
(e}
—1 04 0.4
c
e
T 021 0.2 1
(@)
Q.
e 0.0 : T T . . 0.0 — T T . . )
o 40 50 6.3 8.0 10.0 12.7 16.0 40 50 6.3 8.0 10.0 12.7 16.0
L6
1.0 A 1.0 A L @
0.8 - 0.8 -
0.6 - 0.6
0.4 - 0.4
0.2 0.2 1
0.0 : T T T T 0.0 - ! . . . )
40 50 6.3 8.0 10.0 12.7 16.0 40 50 6.3 8.0 10.0 12.7 16.0

Duration (s)

Figure D4. Individual obtained functions averaged across sessions for LEW rats in the 4-s-vs.-
16-s series of the baseline phase. Error bars represent standard error of the mean.
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Figure D5. Individual obtained functions averaged across sessions for F344 rats in the 10-s-vs.-
40-s series of the baseline phase. Error bars represent standard error of the mean.
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Figure D6. Individual obtained functions averaged across sessions for LEW rats in the 10-s-vs.-
40-s series of the baseline phase. Error bars represent standard error of the mean.
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Figure D7. Individual obtained functions averaged across sessions for F344 rats in the 15-s-vs.-
60-s series of the baseline phase. Error bars represent standard error of the mean.
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Figure D8. Individual obtained functions averaged across sessions for LEW rats in the 15-s-vs.-
60-s series of the baseline phase. Error bars represent standard error of the mean.
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Figure D9. Individual obtained functions averaged across sessions for F344 rats in the 2-s-vs.-8-s
series of the drug administration phase. Error bars represent standard error of the mean.
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Figure D10. Individual obtained functions averaged across sessions for LEW rats in the 2-s-vs.-
8-s series of the drug administration phase. Error bars represent standard error of the mean.
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Figure D11. Individual obtained functions averaged across sessions for F344 rats in the 15-s-vs.-
60-s series of the drug administration phase. Error bars represent standard error of the mean.
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Figure D12. Individual obtained functions averaged across sessions for LEW rats in the 15-s-vs.-
60-s series of the drug administration phase. Error bars represent standard error of the mean.
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Appendix E: Log-Survivor Plots of Latencies
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Figure E1. Log-survivor plots of latencies averaged across baseline, control, and saline sessions.
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Figure E2. Log-survivor plots of latencies averaged across sessions with 0.1 and 0.3 mg/kg d-

AMP administration.
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Figure E3. Log-survivor plots of latencies averaged across sessions with 1.0 and 1.8 mg/kg d-
AMP administration.
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