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Abstract

The goal of our study was to characterize the relationship between intertemporal choice and
interval timing, including determining how drugs that modulate brain serotonin and dopamine
levels influence these two processes. In Experiment 1, rats were tested on a standard 40-s peak-
interval procedure following administration of fluoxetine (3, 5, or 8 mg/kg) or vehicle to assess
basic effects on interval timing. In Experiment 2, rats were tested in a novel behavioral paradigm
intended to simultaneously examine interval timing and impulsivity. Rats performed a variant of
the bi-peak procedure using 10-s and 40-s target durations with an additional “defection” lever
that provided the possibility of a small, immediate reward. Timing functions remained relatively
intact, and “patience’ across subjects correlated with peak times, indicating a negative relationship
between “patience’ and clock speed. We next examined the effects of fluoxetine (5 mg/kg),
cocaine (15 mg/kg), or methamphetamine (1 mg/kg) on task performance. Fluoxetine reduced
impulsivity as measured by defection time without corresponding changes in clock speed. In
contrast, cocaine and methamphetamine both increased impulsivity and clock speed. Thus,
variations in timing may mediate intertemporal choice via dopaminergic inputs. However, a
separate, serotonergic system can affect intertemporal choice without affecting interval timing
directly.
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1. Introduction

Intertemporal choice features prominently in decision-making for all animals, including
humans (Ainslie and Haslam, 1992; Evenden, 1999b; Meck et al., 2012a,b; Rachlin and
Green, 1972). The trade-off between small, immediately available rewards and large
rewards only available after a delay is key to understanding decisions about diet, exercise,
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studying, and investing, to name a few. Mischel and colleagues (Mischel and Metzner, 1962;
Mischel et al., 1989) provided early insight into how choice behavior is affected by delays
by offering children the opportunity to resist eating one treat (a smaller, sooner option) in
order to obtain a more desirable one in the future (a larger, later option). Children who were
more patient in this type of delay of gratification task gained a host of advantages over the
course of their lifetimes. They achieved greater academic success (Mischel et al., 1989),
were better able to cope with rejection and frustration (Shoda et al., 1990), and were less
likely to use cocaine according to self-reports (Ayduk et al., 2000). Impulsivity in
intertemporal choice tasks more broadly has been linked to gambling (Alessi and Petry,
2003), cigarette smoking (Reynolds et al., 2004), obesity (Seeyave et al., 2009), violent
crime (Cherek et al., 1997), and alcohol addiction (Petry, 2001). Decades of research have
showed that ability to delay gratification is one of the most useful predictors in a
psychologist’s toolbox (Bickel and Marsch, 2001). Thus, understanding the nature of self-
control and impulsivity is an important goal of behavioral studies (Carlson and Moses, 2001;
Crockett et al., 2010; Garcia and Kirkpatrick, 2013; Fantino et al., 1979).

Recent studies have been directed toward elucidating the neural mechanisms governing
intertemporal choice across species (e.g., Broos et al., 2012; Kim et al., 2008; Louie and
Glimcher, 2010; Mobini et al., 2002; Peters and Blichel, 2011; Samanez-Larkin et al., 2011;
Sellitto et al., 2011; Winstanley et al., 2004). Choices made about options displaced through
time are governed by a variety of brain regions implicated in decision-making, delay and
reward representation, and impulsivity more broadly. Serotonin (5-HT) is thought to mediate
impulsive decision-making. Decreases in 5-HT levels increase impulsivity in both rodents
and humans (e.g., Mobini et al., 2000; Schweighofer et al., 2008; Winstanley et al., 2004;
Wogar et al., 1993). Dopamine (DA) levels may also mediate impulsivity and intertemporal
choice; however, its effects are inconsistent depending on the behavioral paradigm (Gu et
al., 2011; Harrison et al., 1997; Kayser et al., 2012; Winstanley et al., 2003), and may
depend on an intact serotonergic system (Harrison et al., 1997; Winstanley et al., 2006).

Time discrimination, especially as it relates to reward delivery, is obviously an important
component of intertemporal choice (Galtress et al., 2012a,b; Kirkpatrick, 2013). In order for
organisms to make appropriate decisions about options displaced through time, they must
have an intact representation of the relevant time intervals. In addition, they should be able
to update their estimation of those intervals according to experience. Interval timing in the
seconds-to-minutes range adheres closely to Weber’s law, meaning the normal distribution
of temporal estimates has a width that scales with the length of the target duration (Allman
et al., 2014; Buhusi and Meck, 2005; Oprisan and Buhusi, 2013 — see Killeen, 2013 for a
more nuianced analysis of time). Numerical and most sensory estimations also adhere to this
rule, often referred to as the scalar property of interval timing (Brannon et al., 2008; Buhusi
et al., 2009; Gibbon, 1977; Gibbon et al., 1984; Meck and Malapani, 2004; Treisman, 1964).
Several duration perception/production procedures have been developed to assess interval
timing in nonhuman animals. The peak-interval (PI) procedure, for example, rewards the
first press on a primed lever following a fixed interval, but only on a subset of trials. The
unrewarded trials allow investigators to probe time estimations without interruption.
Previous studies using the PI procedure in humans and other animals (e.g., Agostino et al.,
2011b; Buhusi et al., 2009, 2013; Buhusi and Meck, 2007; Cheng and Meck, 2007; Church
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etal., 1994; Lake and Meck, 2013; MacDonald et al., 2007; Matell and Meck, 1999; Meck
and Williams, 1997; Rakitin et al., 1998) have reliably obtained Gaussian response curves
whose peak times and variances fit well with Weber’s law.

Unlike the related processes of millisecond timing and circadian timing, which depend
mainly on an intact cerebellum and hypothalamus, respectively, interval timing relies most
heavily on corticostriatal circuits (Buhusi and Meck, 2005; Galtress and Kirkpatrick, 2010;
Hinton and Meck, 1997, 2004; Matell et al., 2003, 2011; Meck, 2006a,b,c; Meck et al.,
2008; Merchant et al., 2013). In particular, the projections of midbrain DA neurons to the
dorsal striatum are crucial for interval timing (Coull et al., 2011; Meck, 2006b; Williamson
et al., 2008). Patients with Parkinson’s disease, characterized by degraded DA neurons in the
substantia nigra pars compacta that would normally project heavily to the striatum, exhibit
impaired interval timing (Allman and Meck, 2012; Jahanshahi et al., 2010; Jones and
Jahanshahi, 2013; Malapani et al., 19983, b, 2002). Ensemble recordings have revealed that
striatal neurons may indeed have some of the necessary properties to conduct interval
timing: approximately 20% of neurons are sensitive to time of reward, firing at different
rates for the different times being directly investigated (Matell et al., 2003). While the dorsal
striatum is clearly important for interval timing, it is at present unknown how this
information is transferred to mechanisms of decision-making and what roles DA and
glutamate may play in intertemporal choice (Agostino et al., 2011a, 2013; Cheng et al.,
2006b; Cheng and Liao, 2007; Coull et al., 2013; Hata, 2011; Jones and Jahanshahi, 2011;
Kayser et al., 2012; Kelm and Boettiger, 2013; MacDonald et al., 2012; Merchant et al.,
2013).

In addition to interval timing affecting intertemporal choice, the discounted value of a
reward based on delay to acquisition may have an impact on the process of interval timing.
Presumably, an interval is timed more effectively when decisions will be made with the
temporal information gathered. Valuation will thus alter the interval-timing process. The
importance of DA projections to the striatum for value-based learning, temporal discounting,
and control of impulsivity only underscores the linked nature of interval timing and reward
(Asgari et al., 2006; Body et al., 2004, 2005, 2006, 2013; Ho, 1996; Kurti and Matell, 2011;
MacDonald et al., 2012; Schultz et al., 1997; Wiener et al., 2008; Willuhn et al., 2010).
Surprisingly, the relationship between hyperbolic discounting and timing remains almost
wholly unstudied — but see Cui (2011) and Galtress et al. (20123, b) for recent initiatives.
Our goal in the present experiment was to develop a novel version of the Pl procedure using
two different target durations (e.g., bi-peak procedure) in order to allow us to investigate the
relationship between intertemporal choice and interval timing in rats (MacDonald and Meck,
2004, 2005, 2006; Matell et al., 2006; Meck et al., 2012a,b). By adjusting the bi-peak
procedure to allow for “defection” with the possibility of immediate reward, we were able to
determine an animal’s estimate of time and valuation of rewards displaced through time.
The addition of the defection lever effectively mixes a bi-peak procedure with a delay of
gratification procedure, in which the smaller sooner option is available throughout the delay
(Reynolds et al., 2002). We then used this hybrid procedure to measure the effects of a
selective 5-HT reuptake inhibitor (fluoxetine) and indirect DA agonists (cocaine and
methamphetamine) on both interval timing and intertemporal choice because of their known
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impact on time perception and prediction (Ardayfio et al., 2008; Barr et al., 2004; Coull et
al., 2011; Daw et al., 2002; Sysoeva et al., 2010; Wiener et al., 2011).

2. Materials and methods

2.1. Subjects

The temporal control of behavior was studied in eight (Experiment 1) and fifteen
(Experiment 2) male Sprague-Dawley rats weighing 250-400 g (Charles-River Laboratories,
Raleigh, NC, USA) and approximately 3 months of age when the experiments began. Rats
were housed in pairs in a 12:12 light/dark (LD) cycle with lights on from 7:00 A.M. to 7:00
P.M. Rats were given continuous access to water and were maintained at 85% free-feeding
weight. They were fed a ration of Purina chow after each daily session conducted during the
light phase of the LD cycle. Experiments were conducted in accordance with procedures
approved by the Institutional Animal Care and Use Committee of Duke University.

2.2. Apparatus

2.3. Drugs

All experimental data were obtained in eight identical lever boxes (Model ENV-007, MED
Associates, St. Albans, VT) housed in ventilated cubicles designed to provide light and
sound isolation (Model ENV-019, MED Associates, St. Albans, VT). Lever boxes had
dimensions of 24 cm x 31 cm x 31 cm. Tops, sidewalls, and doors were constructed of clear
acrylic plastic; front and back walls were constructed of aluminum. The floor consisted of
19 parallel stainless steel bars. A pellet dispenser (Model ENV-203, MED Associates, St.
Albans, VT) delivered 45 mg food pellets (Research Diets, New Brunswick, NJ) to a food
cup located 1 cm above the floor on the front wall. Each lever box was equipped with two
retractable response levers (Model ENV-112, MED Associates, St. Albans, VT) situated on
the front wall of the lever box to the left and right of the food cup. In addition, each lever
box contained one non-retractable response lever situated in the middle of the front wall,
centered, above the food cup. A 28-V house light was mounted at the center of the top of the
front wall. A speaker system (Model ENV-225, MED Associates, St. Albans, VT) was
mounted on the opposite wall from the levers and was used to present white-noise signals at
75-dB. An IBM-PC compatible computer running MED-PC Version 1V Research Control &
Data Acquisition System software (MED Associates, St. Albans, VT) was attached to an
electronic interface (Models DIG-700 and SG-215, MED Associates, St. Albans, VT) used
to control the experimental equipment and record the data. The time of each lever press was
recorded to an accuracy of 10 ms and placed into 1-s time bins for further analysis of
individual trials and mean response functions.

Fluoxetine hydrochloride (FLX; Sigma/Aldrich) at doses of 3.0, 5.0, and 8.0 mg/kg
(Experiment 1) or 5.0 mg/kg solely (Experiment 2) was dissolved in bacteriostatic water
(VEH). Injections were given intraperitoneally (i.p.) as a fixed proportion of body weight
(1.0 ml/kg) approximately 20 min before the start of each experimental session. Rats
received 3 rounds per dose of VEH-FLX treatment (Experiment 1) or 5 rounds of SAL-FLX
treatment (.9% saline) (Experiment 2) and the FLX doses were selected based upon previous
studies of its effect on incentive motivation for food reward (Sanabria et al., 2008).
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Cocaine hydrochloride (COC; Sigma Chemical Co., St. Louis, MO) at a dose of 15.0 mg/kg
was dissolved in 0.9% saline (VEH). All injections were given i.p. as a fixed proportion of
body weight (1.0 ml/kg) approximately 10 min before the start of each experimental session.
Rats received 3 rounds of VEH-COC treatment and the COC dose was selected based upon
previous studies of its effect on interval timing (Matell et al., 2004; Cheng et al., 20063,
2007a).

Methamphetamine hydrochloride (MAP; Sigma/RBI, Saint Louis, MO, USA) at a dose of
1.0 mg/kg was dissolved in 0.9% saline (VEH). All injections were given i.p. as a fixed
proportion of body weight (1.0 ml/kg) approximately 10 min before the start of each
experimental session. Rats received 3 rounds of VEH-MAP treatment and the MAP dose
was selected based upon previous studies of its effect on interval timing (Matell et al., 2006;
Cheng et al., 2007b,c).

2.4. Experiment 1 — Behavioral training

2.4.1. Pretraining: Sessions 1 and 2—All rats received two sessions of combined
magazine and lever training. During these sessions a pellet of food was delivered once every
30 s, and in addition, each lever press produced food. The session began with the insertion
of the left lever and continued until the rat had pressed the lever 60 times or until 30 min had
passed, whichever came first. The houselight was off during the pretraining sessions.

2.4.2. Peak-interval (PI) training: Sessions 1-30—Each rat was trained for 5 daily
sessions on a discrete-trials fixed-interval (FI) 40-s procedure in which food was primed
after the white-noise signal had been present for 40 s — after which the rat’s first response on
the left or right lever (counterbalanced across rats) terminated the signal and activated the
pellet dispenser. This was followed by 25 sessions of peak-interval (P1) 40-s training during
which a random half of the trials were FI 40-s trials identical to those described above. The
remaining trials were probe trials during which no food was made available and the white-
noise signal continued uninterrupted for a total of 90 s. All trials were separated by a random
duration intertrial interval (ITI) with a minimum of 50 s and a mean of 130 s. In the PI
procedure data are collected exclusively from the probe trials for which peak time and peak
rate measures are calculated (see Buhusi and Meck (2010) and Section 2.6).

2.4.3. Peak-interval (PI) fluoxetine testing: Sessions 31-65—Administration of
FLX (3.0, 5.0, or 8.0 mg/kg ip) or a VEH injection was given every third session in a
counterbalanced design in order to control for day effects. Injections of each FLX dose were
given in a pseudo-random order for a total of three times each with the only constraint being
that each dose had to be given in each round before the same dose could be repeated.

2.5. Experiment 2 — Behavioral training

2.5.1. Pretraining: Session 1—All rats were given 1 session of pretraining in which
every 30 s the 2 side levers were retracted and then reinserted for 1 s before the delivery of
food reinforcement. In addition, all levers were primed for reinforcement on a continuous
reinforcement (CRF) schedule, until 20 responses were made on each lever, or 60 min had
passed.
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2.5.2. Fixed-interval (FI) training: Sessions 2—14—Following completion of
pretraining training, rats spent 14 daily sessions performing fixed-interval (FI) training.
Trials began with the onset of white-noise signal. A 10-s FI trial was scheduled for either the
right or the left response lever (counter-balanced across rats) and the first response after 10-s
was reinforced with 4 food pellets. A 40-s FI trial was scheduled for whichever lever was
not assigned to the 10-s target duration. The first response after 40-s was reinforced with 4
food pellets and at that point, the white-noise signal was turned off. The inter-trial interval
(IT1) was 120 s, but could increase if the rat chose to defect during the trial. Thus, if a rat
defected at 20 s into the trial, the ITI became 140 s. In this way, trial lengths were kept equal
regardless of decisions to defect (Ainslie, 1974; Rachlin and Green, 1972). During FI
training, the middle lever was also available. If pressed, the middle lever ended the trial,
with a 20% probability of receiving 1 food pellet, but an 80% chance of receiving 0 pellets.

2.5.3. Peak-interval (PI) procedure: Sessions 15-135—O0nce FI training was
completed, rats were transitioned to the peak-interval (P1) procedure. During the most
common type of session (and the only type on which analyses reported below were
performed), the 10-s and 40-s levers were associated with a 50% probability of receiving 4
food pellets but a 50% probability of receiving O pellets. Probe lengths were 65, 75, and 85
s. The middle lever (defection lever), if pressed once, ended the trial, with a 20% probability
of receiving 1 food pellet, but an 80% chance of receiving 0 pellets. The ITI was 100 s, but
could increase if the subject defected on a given trial. The ITI decreased based on the length
of the probe such that trial length was kept approximately constant.

For occasional 2—7 day intervals, rats were placed on a non-defection Pl procedure, meaning
the defection option was no longer available, but reinforcement was primed for the 10-s and
40-s levers as described above. This was done to ensure that timing of the 10-s and 40-s
target durations remained largely intact. During the sessions in which defecting was not an
option, the center lever was inactivated. Individual rats experienced slightly different
numbers of sessions of each type. The two-day interval analyzed here is drawn from the
range of Sessions 25-35, prior to drug injections. The three sample Pl sessions analyzed
here come from within Sessions 35-40, prior to drug injections. Fluoxetine injection sets
were given within Sessions 45-65. Cocaine injection sets were given within Sessions 85—
100. MAP injection sets were given within Sessions 120-135. Five days of normal Pl
training always separated any given injection pairing. Vehicle injections were always given
1 day prior to drug injections. There were five separate FLX-vehicle injection pairs, and
three each of cocaine and MAP.

2.6. Data analysis

For each probe trial the number of responses in each 1-s time bin during the signal was
recorded for each rat. These functions were summed over trials and the mean response rate
as a function of time since signal onset was calculated for each rat. In the PI procedure the
time of the rat’s maximal response rate during a probe trial is called the peak time and the
response rate at that time is called the peak rate. Peak time serves as a measure of accuracy
as it reflects the time point during a signal presentation that the rat maximally expects
reinforcement to occur. Changes in peak time have been used to evaluate clock speed as
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well as the content of temporal memory (Meck, 1996, 2002). Peak spread, defined as the
standard deviation of the fitted Gaussian distribution, is used to assess timing precision and
peak rate is used to assess motivational levels (Cheng and Meck, 2007; Meck, 2006a,b,c;
Meck et al., 2012a,b; Paule et al., 1999; Penney et al., 1996).

Lever presses were analyzed using custom Matlab 7.1 (Math-works, Natick, MA) programs.
To calculate peak times, peak rates, and spreads, the data were fitted with a Gaussian
function with a linear ramp (see Matell et al., 2003). All drug and saline conditions include
data from multiple treatment sessions. For these analyses, responses were pooled across
sessions because the probability of defection could increase or decrease the number of
possibilities for lever presses on any given session. Importantly, if the rat defected on any
given trial, all time points following the defection were not coded as having zero responses
on the 10 or 40 s target levers; instead, these post-defection time points did not contribute at
all to the overall peak curves. Thus, the curves described here represent lever presses per
opportunity. A subject was only contributed a particular target duration curve if any trials
lasted until the target. That is, a 10-s peak only qualified if the rat did not defect before 10-s
on all relevant probe trials; likewise with a 40-s peak. Finally, for the purpose of data
presentation, a point within an average peak function is only displayed if 3 or more subjects
contributed trials to that point.

3. Results

3.1. Experiment 1

3.1.1. Dose-response effects of fluoxetine on peak time and peak ratex—Mean
(£SEM) peak time and peak rate measures for 40-s P1 testing as a function of FLX dose are
illustrated in Fig. 1 in the left and right panels, respectively. A repeated measures ANOVA
indicated that there were no significant effects of drug dose on either of these measures, F
(3,21) = 1.94, p > 0.05. The mean proportion maximum response rate functions for the
baseline and 5 mg/kg FLX conditions are plotted in Fig. 2. No significant differences in
peak time, peak rate, or spread were observed between these two conditions, p > 0.05.

3.2. Experiment 2

3.2.1. Characterization of defection points—Despite the presence of a defection
option on the middle lever, all rats showed characteristic peak functions as illustrated in Fig.
3. In order to characterize intertemporal choice we first looked at the probability of defection
across trials. We observed very high levels of defection with some inter-individual
variability, as shown in Table 1. Because the mean (+SEM) probability of defection on any
given trial was 0.89 + 0.03, nearly ceiling, we looked next at what specific times within a
trial subjects were defecting. Here, we observed far more variation, with the average
defection time at 20.1 s + 2.41 (see Table 1), between the 10-s target duration and the 40-s
target duration. We looked more closely at when rats were defecting as shown in Fig. 4 —
which displays the mean percentage of maximum defection rate as a function of the time
since signal onset (panel A) and the mean conditional probability of defection if a specific
time point is reached (i.e., if the trial has not already ended due to prior defection or 40-s FI
reinforcement. As one can see from both graphs, defections are clustered in peaks below 10
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s, between 10 and 40 s, and following 40 s. The second and third time-point clusters for
defection are especially noteworthy as they potentially reflect the subjective time that is
equidistant between the two target durations as well as the “giving in time” which reflects
the time at which the subject behaves as if the longer target duration has passed (Brunner et
al., 1996; Kacelnik and Brunner, 2002), respectively. We also noted a relationship between
defection time and overall probability of defection, with higher probabilities associated with
earlier defection times, r = -0.73, p < 0.01.

In order to assess whether clock speed (as measured by horizontal shifts in peak time) was
related to our measures of impulsivity, we regressed defection time and probability on peak
times for the 10-s lever. We found a significant relationship with defection probability,
whereby lower defection probabilities were associated with later peak times, possibly the
result of slower clock speeds (r = —0.39, p < 0.05).

We were also concerned that estimates of peak time may be inaccurate, given the new
defection procedure. Temporary removal of the middle lever allowed us to probe more fully
the relationship between interval timing and accuracy on the defection version of the task
(Fig. 5). We found that, for the 10 s lever, peak times correlate across the defection-absent
and defection-present conditions (r = 0.56, p < 0.05); the same was true for peak widths (r =
0.55, p < 0.05). We replicated the regression results reported above for the defection-present
condition: later peak times in the defection-absent condition are associated with lower
defection probabilities in the defection-present condition (r = —=0.69, p < 0.01). As would be
expected, later peak times in the defection-absent condition were associated with increased
rewards from the 10-s and 40-s levers in defection-present trials (r = 0.63, p < 0.01), as well
as increased rewards overall, r = 0.62, p < 0.01, suggesting this may be an advantageous
strategy (see Fig. 6). Importantly, this means that clock speeds in one set of sessions
(defection-absent) correlates with defection probability in another set (defection-present),
and eliminates the possibility that these results are simply an artifact of high defection rates.
None of these effects were observed for the 40-s peak times, likely because rats were much
less likely to experience the 40-s reward due to early defections. Later peak times are
typically credited to slowed clock speeds (Lustig and Meck, 2005; Matell et al., 2006; Meck,
1986, 1996). Thus, we can conclude that, across individuals, later peak times (i.e., slower
clock speeds) are associated with fewer defections, which may reflect increased self-control
in this procedure. Although peak times were relatively accurate in the no-defection
condition, (10 s: M = 9.65 + 0.56; 40 s: M = 43.11 + 1.14), peak spreads were somewhat
abnormal (10s: M =7.76 £ 0.60; 40 s: 15.84 + 1.14). As expected, peak spread was higher
for the 40-s target duration than for the 10-s target duration, t(14) = 6.51, p < 0.0001, but
was closer to a 2:1 ratio than the 4:1 ratio predicted by the scalar property of interval timing
(Cheng and Meck, 2007; Gibbon et al., 1984). This may be because of the continued
presence of the 10-s lever, whether reward was delivered or not or other procedural
differences from the standard PI procedure (see Buhusi et al., 2009; Matell et al., 2004;
Matell and Meck, 1999).

3.2.2. Fluoxetine alters the time of defection, but not peak times—To avoid floor
effects in defection times, only the 10 rats demonstrating the most “patience’ (defined as
highest average defection times) were included in the subsequent pharmacological
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experiments. FLX injections (5 mg/kg) did not affect the probability of defection.
Specifically, defection probability following VEH injections (0.92 + 0.04) matched
defection probability following FLX injections (0.91 + 0.03), p > 0.5, 2-tailed paired-
samples t test. We assessed how FLX altered defection times for each of the three defection
ranges (0-10's, 10-40 s, 40+ s) as illustrated in Fig. 7. There was no overall change in how
the defection points were distributed across these time ranges (32 = 2.61, df = 2, p > 0.05,
see Table 2). Moreover, we did not observe any difference in defection time for the 0-10 s
range (SAL =3.99 s £ 0.61; FLX = 3.83 s + 0.38), or the 40+ s time range (SAL =48.4s +
1.54; FLX = 48.0 s + 1.44). However, the 10-40 s range did show a significant increase in
defection time (SAL =19.87 s + 1.57; FLX =20.93 s + 1.08, t(9) = 2.57, p < 0.05). This
rightward shift in the distribution of defection points occurring between 10 and 40 s can be
seen in Fig. 7. This may simply reflect an increased latency to make the defection response
or indicate a greater tendency to wait for the 40-s reward under the influence of FLX.

The response rate data for the 10-s and 40-s target durations were analyzed to determine
whether a change in the accuracy (peak time), peak rate, and precision (spread) of the PI
functions could account for the observed difference in defection times (see Fig. 8). There
were no significant differences in peak time (10-s: SAL =9.32s+ 148 FLX =7.97s

1.71; 40-s: SAL = 48.64 s £ 0.54, FLX = 46.91 s *+ 0.64; see Fig. 8). There were no
significant differences in peak rate (10-s: SAL = 38.0 resp/min = 3.9, FLX = 39.0 resp/min +
4.1; 40-s: SAL = 33.0 resp/min £ 6.4, FLX = 39.5 resp/min + 8.3).

We observed no significant changes in peak spread for the 10-s target duration (10-s: SAL =
7.64 s £0.85, FLX =10.22 s + 2.22). For the 40-s duration, only 5 rats showed peak
functions based on our analysis criteria (see above). However, these five rats did show a
difference in peak spread, t(4) = -4.05, p< 0.05 (SAL: 15.61 £ 1.19; FLU: M =9.63 =
1.87), with narrower peaks under FLX. This effect seems to be distinct from the shift in
defection times described above. The five rats with 40-s peaks showed no change in 10-40-s
defection times, t(4) = 0.60, p > 0.5; however, the five rats lacking 40-s peaks did show a
change in 10-40-s defection times, t(4) = 4.3, p < 0.01. They are primarily responsible for
the change in the group mean value.

During the saline condition, the width of the 40-s peak was still greater than the width of the
10-s peak, t(4) = 2.98, p < 0.05. However, this difference disappeared with the narrower 40-
s peak spreads following FLX administration (the 10-s peak was unaffected). These results
confirm those reported in Experiment 1 which indicated that FLX (3, 5, & 8 mg/kg) does not
affect the basic parameters used to assess the accuracy and motivational levels associated
with interval timing; however, in this case, precision was affected, but only for the later
criterion time. The five rats demonstrating this effect also did not show a change in
defection times, suggesting multiple differentiable effects of FLX.

Although the group effect on defection times for the 10-40 s range was relatively small
(albeit statistically significant), FLX did cause the times of defection to shift dramatically
for some rats, as illustrated in Fig. 9. Following SAL injections, this rat defected too early
and too often to demonstrate a full peak function for the 40-s target duration. In contrast,
following FLX injections, defection times had shifted sufficiently to the right for the 40-s
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peak function to fully appear. This rat went from defecting at a mean of 18.4 st023.1s
under FLX. The distribution of defection times is significantly changed y2 = 16.83, df = 2, p
< 0.001. Following vehicle injection, 18% of this rat’s defections occurred before the 10-s
mark; 82% between 10 and 40, and none after 40-s. Following FLX, these changed to 11%,
85%, and 5%, respectively. These results are consistent with prior reports of considerable
inter-individual differences in sensitivity to FLX (Baker et al., 2001; Homberg et al., 2004;
Sanabria et al., 2008). Such observations highlight the importance of examining defection
parameters for individual subjects in future studies as a function of drug dose and relevant
genetic markers.

3.2.3. Cocaine and methamphetamine affect impulsive choices and interval
timing—Both COC and MAP are known to alter interval timing, producing immediate
proportional leftward shifts in response curves during P1 timing procedures similar to those
used in the current study (Cheng et al., 2007a,c; Matell et al., 2004). Consequently, we
hypothesized that defection times would be shifted in accordance with the new time
estimations obtained under COC and MAP. Under COC, we saw significantly earlier
defection (VEH = 20.10-s £ 2.00; COC = 14.68 s + 2.27, t(9) = 3.28, p < 0.01), but we
observed no significant shifts within each of the defection time ranges. The same was true of
MAP (VEH = 14.67 + 2.82; MAP = 9.69 s + 2.52, t(9) = 2.36, p < 0.05). Instead, defections
were more likely to occur in earlier time ranges. MAP caused a drastic shift to higher
probability of defection in the first 0-10's, ¥ (2) = 162.3, p < 0.0001, as did COC y2 (2) =
234.33, p < 0.0001 (see Table 2 and Fig. 10). We did not observe a significant overall
change in defection probability, although both COC and MAP trended toward increasing
defections, COC: t(9) = 1.85, p< 0.1; MAP: t(9) < 1.84, p< 0.1.

With such high defection rates in both the COC and MAP conditions, assessing peak times
was difficult. Though we did not observe a clear leftward shift in peak times for all rats,
some rats did show substantial disruption in timing that may have been the result of a
combination of increased peak width and a leftward shift in the 10-s and 40-s PI functions,
as illustrated in Fig. 11 (see Balci et al., 2008, 2009; Cheng et al., 2007c). By collapsing
across COC and MAP sessions, we saw a strong trend toward an increase in the peak width
for the 10-s target duration which is quite evident in Fig. 12, indicating a substantial
disruption in timing (VEH = 7.4 £ 0.70; COC + MAP = 15.39s + 3.63, t(9) = 2.22, p<
0.05). In addition, previous results are indicative of an increase in clock speed caused by the
DA up-regulators COC and MAP across a range of signal durations (Buhusi and Meck,
2002; Matell et al., 2004, 2006; Meck, 1983, 1996). Thus, it seems likely that part of how
COC and MAP affected behavior was by shifting the psycho-metric functions leftward,
although the issue of how impulsivity and clock speed interact in this case to control
performance is unclear.

ion
The relationships among interval timing, associative learning, computational learning,
temporal discounting, and decisions about options displaced through time are vastly

understudied (Balsam et al., 2010; Galtress et al., 2012a,b; Jozefowiez and Machado, 2013;
Jozefowiez et al., 2013; Ray and Bossaerts, 2011). At present, we have scant understanding
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of how much of the variation in impulsivity is due to differences in the manner in which the
subject forms representations of the relevant time intervals and makes decisions based upon
a comparison of these time values (cognitive model —Gallistel and Gibbon, 2001) versus the
subject learning associations among the representations of these same time intervals and the
relevant stimuli and responses — with the strength of these associations changing according
to the principals of classical conditioning (associative model — Miller and Witnauer, 2012).
Here, we present a novel procedure for studying the relationship between interval timing and
time-based decisions. We have combined a traditional psychophysical procedure for
examining interval timing, the P1 procedure, with a delay of gratification procedure, in
which there is a constant possibility of choosing a smaller, more immediate reward over a
larger, delayed reward. We found that some of the variation in impulsivity (probability of
defection) may be attributable to variations in clock speed—subjects with later peak times
(indicating slower clock speeds) were less likely to defect. The use of such ‘cognitive
constructs’ such as clock speed and delay of gratification are typically considered to be more
suitable to a ‘cognitive model’ of interval timing, but are also consistent with some recent
associative interpretations in which links between arousal and time perception have been
proposed (Killeen and Fetterman, 1988; Machado, 1997).

Although we have connected the effects of dopamine agonists to increases in both
impulsivity and clock speed, it should be noted that amphetamine has been shown to reduce
impulsivity and improve performance on the stop task in both rodents and humans, but only
in those subjects demonstrating relatively poor baseline inhibitory performance (de Wit et
al., 2000; Feloa et al., 2000). Following amphetamine administration, decreases in impulsive
choice have been observed on delay-discounting tasks in humans at low doses (de Wit et al.,
2002; Feola et al., 2000), but both increases, decreases, and no effect on impulsive
responding have been observed in rats (Cardinal et al., 2000; Evenden and Ko, 2005;
Evenden and Ryan, 1996; Richards et al., 1999; Wade et al., 2000; Wooters and Bardo,
2011) depending on the behavioral task, strain of rat, chemical formulation of the
psychostimulant, etc. Nevertheless, the overall finding is that increases in impulsivity
predominate following amphetamine administration at the doses typically studied (Cardinal
et al., 2000; Dalley et al., 2011; Winstanley et al., 2003). Even those investigators reporting
decreases in impulsivity following amphetamine administration have recognized that special
factors are likely involved, e.g., low drug doses, specific subject populations, as well as the
careful selection of the time course involving the interaction of pharmaco-dynamics and the
behavioral task (Rivalan et al., 2007). Moreover, these investigators have argued that
impulsivity is most likely to be observed in instances where time estimation is a major
component of the behavioral task due to the enhanced clock-speed effects of amphetamine
(e.g., Hayton et al., 2012; Rivalan et al., 2007). The conclusion being that one has to take a
variety of factors into account and attempt to develop a set of behavioral tasks that address
different dimensions of self control and impulsivity.

Part of the challenge in understanding this relationship is to determine those neural
structures that are shared between intertemporal choice and interval timing, and those that
contribute exclusively to one or the other. Here, we present evidence that 5-HT up-
regulation through acute FLX administration can affect decisions about time, while leaving
interval timing itself unchanged. However, some rats also showed the reverse pattern, with
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FLX affecting timing precision, highlighting the role of individual differences in the effects
of FLX. Previous studies in both humans and nonhuman animals have suggested that
increases in 5-HT can decrease impulsivity, while 5-HT depletion enhances ‘patience’
(Evenden, 1999a; Schweighofer et al., 2008; Winstanley et al., 2004). However, it was not
clear whether these results could be attributed entirely to changes in time estimation. One
previous study using mice also found no influence of FLX on interval timing using the PI
procedure (Cordes et al., 2008). Unlike FLX, however, the indirect DA agonists COC and
MAP likely affected intertemporal choice by altering the speed of the internal clock,
although other interpretations involving memory and attention are possible (Buhusi and
Meck, 2009; Coull et al., 2011; Meck, 2003, 2007).

These results are consistent with earlier accounts of the effects of FLX. Acute FLX
administration reduces food intake in free-feeding rats and 5-HT antagonists tend to have the
reverse effect (Feldman and Smith, 1978; Sanabria et al., 2008). Our results, along with
those from other timing studies (Ho et al., 1996), suggest that the effects of FLX and other
5-HT manipulators are not attributable to an altered clock speed in the timing of food
rewards. Instead, FLX may directly affect motivation for rewards (Sanabria et al., 2008),
including rewards that don’t involve food (Ciccocioppo, 1999). In the context of an
intertemporal choice task, this may mean a decreased desire for an immediate reward, and
an increased ability to maximize long-term food intake. In our task, because of the adjusting
ITI, delays between rewards were approximately equal whether the rat chose to end the trial
or not. 5-HT manipulations do not seem to affect sensitivity to reward size (Brunner and
Hen, 1997; Mobini et al., 2000). A recent study by Miyazaki et al. (2011) demonstrated that
5-HT neurons in the dorsal raphe nucleus had high, sustained firing rates when a rat was
successfully able to delay gratification. DA agonists may do the opposite, i.e., increase
relative motivation for an immediately available reward (Wise, 2004), at the cost of delayed
rewards losing their salience. Thus, impulsivity may also directly affect the interval timing
process, reducing the representation of the target duration as its subjective reward value
declines.

The current implementation of our hybrid timing/intertemporal choice task may not be
entirely ideal for probing the relationship between intertemporal choice and interval timing;
however, adjustments can be made in future studies to make it more suitable. One major
drawback is the relatively high level of early defection observed in many rats; presumably,
this could be mitigated with shorter target durations and larger rewards. With later defection
times, more accurate interval timing curves can be assessed across pharmacological
manipulations.

One simple alteration to our hybrid timing/intertemporal choice task could switch it from a
delay-of-gratification paradigm, in which the smaller, sooner option is always available, to a
delay-discounting paradigm, in which a binding choice is made at the start of each trial
(Reynolds et al., 2002). By allowing defection only within the first few seconds of each trial
or by restricting possibilities within the trial based on the first levers pressed, the task
described here could easily become a delay-discounting paradigm. Some of the
pharmacological results obtained here may be unique to the delay-of-gratification routine,
which requires constant decisions about whether to defect, and combines the current
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experience and estimation of time with projections about future delays in making a choice.
Consequently, directly comparing the two versions of this task may prove useful for
distinguishing the neural mechanisms of these two different paradigms, both of which are
highly relevant to naturalistic decisions (Kacelnik and Brunner, 2002; Ray and Bossaerts,
2011; Stephens et al., 2002).

In summary, we have observed clear individual differences in intertemporal choice and
timing, with many of these patterns linked. Clock speed (as measured by peak times) was
related to willingness to abstain from a small, immediate option in favor of later, larger
options. This suggests that clock speed may (at least in part) underlie the dramatic
differences observed across individuals, including in humans, in intertemporal choice
paradigms (Alessi and Petry, 2003; Myerson and Green, 1995). As inter-individual
differences in impulsivity predict a variety of personality traits and life patterns (Ayduk et
al., 2000; Jupp et al., 2013; Mischel and Metzner, 1962; Mischel et al., 1989; Shoda et al.,
1990), it is essential to uncover the mechanisms of such variation. The selective 5-HT
reuptake inhibitor FLX reduced impulsivity, as measured by reduced choices to ‘opt out’ of
the timing procedure. However, we observed no changes in peak times, indicating that clock
speed was preserved. In contrast, indirect DA agonists enhanced impulsivity, as shown by
increased preference for smaller, earlier rewards. We conclude that variations in timing
ability may mediate changes in impulsivity via dopaminergic inputs, and that a separate
serotonergic mechanism may affect intertemporal choice and decision-making. Such
serotonergic-related processes appear to operate without altering clock speed or memory
translation constants, although patterns of variance and co-variance may be modified
(Gibbon and Church, 1990, 1992; Gibbon et al., 1984; Matell and Meck, 2000, 2004; Meck,
1983, 2002; Meck and Yin, 2011).
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Fig. 1.

Mean £ SEM peak times (left panel) and peak rates (right panel) as a function of fluoxetine
(FLX) dose for rats trained on a 40-s PI procedure.
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Fig. 2.

M%an proportion of maximum response rate (resp/min) as a function of signal duration (s)
under vehicle baseline (solid line) and 5.0 mg/kg fluoxetine (FLX, broken line) treatment
conditions. The accuracy and precision of timing the 40-s target duration did not differ as a
function of FLX administration.
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Fig. 3.

Mean proportion of maximum response rate (resp/min) as a function of signal duration (s) in
the combined interval timing/inter-temporal choice task. The presence of the defection
option did not prevent rats from learning the 10-s (black line) and 40-s (gray line) target
durations.
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Fig. 4.
Mean percentage of maximum defection rate (across all trials, as defection occurs at a

maximum of once per trial) as a function of signal duration (s) for all rats combined. The
data indicate a tri-modal distribution with the first defection point occurring prior to the 10-s
target duration, the second occurring between the two target durations at approximately the
geometric mean (e.g., 20 s), and the last occurring after the 40-s target duration (panel A).
Probability of defecting if this time point is reached (i.e., if the trial has not already ended
due to prior defection or 40-s FI reinforcement (panel B).
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Fig. 5.
Mean proportion of maximum response rate (resp/min) as a function of signal duration (s) in

the defection-absent (traditional peak procedure) task. The presence of the defection option
in earlier sessions did not prevent rats from learning the 10-s (black line) and 40-s (gray
line) target durations.
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Fig. 6.

Peak times in the defection-absent condition are related to both percentage defection (panel
A) and total pellets obtained (panel B) in the defection-present condition.
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Fig. 7.
Mean proportion of maximum defections as a function of saline (SAL) baseline (solid line)

and 5.0 mg/kg fluoxetine (FLX—dashed line) treatments across rats. The graphical inset
displays the baseline level of defections in these same rats in Experiment 1, prior to drug
manipulations in Experiment 2.
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Fig. 8.
Mean proportion of maximum response rate (resp/min) as a function of signal duration (s)

under vehicle baseline (SAL) and 5.0 mg/kg fluoxetine (FLX) treatment conditions for all
rats combined. The accuracy of the timing of the 10-s and 40-s target did not differ as a
function of FLX administration, but the precision of the 40-s target increased.
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Mean proportion of maximum response rate (resp/min) as a function of signal duration (s)
under vehicle (SAL) baseline =and 5.0 mg/kg fluoxetine (FLX) treatment conditions for an
individual rat (S6). In this case, FLX administration delays defection times long enough to

allow the 40-s peak function to appear. This particular rat did show a change in where

defections were allocated, with FLX generating fewer in the <10 s range and more in the

40+ s range, ¥2(2) = 16.83, p < 0.001.

Behav Processes. Author manuscript; available in PMC 2015 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Heilbronner and Meck

1
s ||| |
14 | |
@ os- — VEH
c — = CIM
o
Q -
(7]
[)]
X o.6h
£
=] L
E
S 04
S o
c
el I
5
Q 0-2"
0
1™
o -
0 = . .

Page 31

0 10 20 30 40 50 60 70 80 90
Time (s)

Fig. 10.
Defection times as a function of vehicle (VEH—solid line) baseline and 6 cocaine +

methamphetamine (C/M—dashed line) treatments across rats.
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Fig. 11.
Mean proportion of maximum response rate (resp/min) plotted as a function of vehicle

baseline (VEH, solid lines) and 15.0 mg/kg cocaine sessions pooled with 1.0 mg/kg
methamphetamine sessions (C/M, broken lines) treatments as both the 10-s and 40-s target
durations.
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Fig. 12.
Mean proportion of maximum response rate (resp/min) as a function of signal duration (s)

under vehicle baseline (VEH—solid lines) and cocaine + methamphetamine (COC + MAP
—dashed lines) treatment conditions for all rats combined. Peak width increased with
administration of these indirect dopamine agonists.
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Proportion of total defections occurring in the 0-10 s, 10-40 s, and 40+ s within-trial duration ranges under

cocaine (COC), methamphetamine (MAP), fluoxetine (FLX), and saline (SAL) conditions.

Proportion of defections 0-10s 10-40s 40+s
SAL (before FLX) 18 71 11
FLX 17 71 A2
SAL (before COC) 17 73 .10
CcocC 44 .48 .08
SAL (before MAP) 40 53 07
MAP .63 .36 .01
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