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Abstract

Evaluating the effects of presession drug administration on intertemporal choice in nonhumans is a
useful approach for identifying compounds that promote impulsive behavior in clinical
populations, such as those prescribed the dopamine agonist pramipexole (PPX). Based on the
results of previous studies, it is unclear whether PPX increases rats’ impulsive choice or attenuates
aspects of stimulus control. The present study was designed to experimentally isolate behavioral
processes fundamental to intertemporal choice and challenge them pharmacologically with PPX
administration. In Experiment 1, the hypothesis that PPX increases impulsive choice as a result of
enhanced sensitivity to reinforcer delays was tested and disconfirmed. That is, acute PPX
diminished delay sensitivity in a manner consistent with disruption of stimulus control whereas
repeated PPX had no effect on delay sensitivity. Experiments 2 and 3 elaborated upon this finding
by examining the effects of repeated PPX on rats’ discrimination of response-reinforcer
contingencies and reinforcer amounts, respectively. Accuracy of both discriminations was reduced
by PPX. Collectively these results provide no support for past studies that have suggested PPX
increases impulsive choice. Instead, PPX impairs stimulus control over choice behavior. The
behavioral approach adopted herein could be profitably integrated with genetic and other
biobehavioral models to advance our understanding of impulsive behavior associated with drug
administration.
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An intertemporal choice typically requires that an organism choose between a small
magnitude reinforcer available immediately (smaller—sooner reinforcer, or SSR) and a larger
magnitude reinforcer available after a delay (larger—later reinforcer, or LLR). Exaggerated
preference for SSRs is correlated with substance abuse (for a review, see Mackillop,
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Amlung, Few, Ray, Sweet, & Munafd, 2011) and probability of relapse to drug taking in
humans (Stanger, Ryan, Fu, Landes, Jones, Bicket, & Alan, 2011; Washio, Higgins, Heil,
McKerchar, Badger, Skelly, & Dantona, 2011; Yoon, Higgins, Heil, Sugarbaker, Thomas, &
Badger, 2007) and, in nonhumans, is often predictive of acquisition, escalation, and relapse
of drug self-administration (for a review, see Stein & Madden, in press). By comparison, the
extant literature regarding the effects of presession drug administration on SSR preference is
somewhat less consistent, potentially due in part to a number of variations in intertemporal
choice procedures (for reviews, see Mitchell & de Wit, 2010; Stein & Madden, in press).
While presession drug administration has most often been employed to investigate
behavioral effects of illicit substances, it may also assist in clarifying the role of clinically
prescribed compounds associated with increased levels of impulsive behavior.

Pramipexole (PPX) is a dopamine (DA) agonist medication with partial affinity for Do/D3
receptor subtypes, which densely populate the mesolimbic, or “reward,” pathway (Beaulieu
& Gainetdinov, 2011). Clinical populations, such as those diagnosed with Parkinson’s
disease, restless legs syndrome, fibromyalgia, or treatment-resistant depression, that are
prescribed PPX and other selective DA agonists report development of impulsive behaviors
such as pathological gambling (e.g., Dodd, Klos, Bower, Geda, Josephs, & Ahlskog, 2005;
Driver-Dunckley, Samanta, & Stacy, 2003), hypersexuality (e.g., Giladi, Weitzman,
Schreiber, Shabtai, & Peretz, 2007; Klos, Bower, Josephs, Matsumoto, & Ahlskog, 2005),
and compulsive eating (e.g., Hassan, Bower, Kumar, Matsumoto, Fealey, Josephs, &
Ahlskog, 2011; Khan & Rana, 2010) or shopping (Cornelius, Tippmann-Peikert, Slocumb,
Frerichs, & Silber, 2010); onset and offset of these impulsive behaviors appears to coincide
with initiation and termination of the drug regimen (Avila, Cardona, Martin-Baranera, Bello,
& Sastre, 2011; Mamikonyan, Siderowf, Duda, Potenza, Horn, Stern, & Weintraub, 2008).
Point prevalence estimates for these impulsive behaviors in Parkinson’s disease range from
7.1% (Voon et al., 2011) to 13.6% (Weintraub et al., 2010); in a majority of these clinical
reports, PPX is the prescribed DA agonist (e.g., Perez-Lloret, Bondon-Guitton, Rascol,
Montastruc, & French Association of Regional Pharmacovigilance Centers, 2010; Szarfman,
Doraiswamy, Tonning, & Levine, 2006).

Informed by these clinical findings, researchers have begun to examine the effects of acute
PPX in the context of nonhuman intertemporal choice. Madden, Johnson, Brewer, Pinkston,
and Fowler (2010, Experiment 1), for example, administered PPX (0.1, 0.18, & 0.3 mg/kg)
prior to sessions in which rats chose repeatedly between SSRs and LLRs. In their “self-
control” baseline, the delay to the LLR was adjusted until SSR choice was infrequent (<
20%). Here, PPX significantly and dose-dependently increased the frequency of SSR
choices. In the “impulsive” baseline (delay adjusted until = 80% SSR choice), PPX did not
affect choice, suggesting that the drug did not disrupt choice nonspecifically (e.g., attenuate
stimulus control) in the “self-control” baseline. However, using a different procedure in
which delays to the LLR increased within session and across trial blocks (Evenden & Ryan,
1996), Madden et al. (Experiment 2) and Koffarnus, Newman, Grundt, Rice, and Woods
(2011) reported that PPX did not increase impulsive choice; instead, preference shifted
toward indifference at higher doses, an effect suggestive of an attenuation of stimulus
control over choice behavior.
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In sum, the effects of acute PPX on nonhuman intertemporal choice appear to depend upon
the type of procedure used. Conceptually, this disparity is counterintuitive because, although
intertemporal choice procedures may differ structurally, they are assumed to recruit similar
behavioral processes. Given this assumption, one approach to reconciling these disparate
findings is to investigate experimentally those processes likely to be fundamental to the drug
effect and to challenge them pharmacologically with PPX. In doing so, a common
behavioral mechanism could be identified that is generally interpretable across procedures.
Because intertemporal choice is a complex discriminated operant, however, the present
study focused on providing only an initial survey of behavioral processes that, if negatively
affected by PPX, could have contributed to previous findings of PPX-induced impulsive
choice, as well as disruption of stimulus control.

Experiment 1 used a concurrent-chains preparation to measure preference (i.e., initial-link
response allocation) for differently delayed but equally sized food reinforcers (see Pitts &
Febbo, 2004; Ta, Pitts, Hughes, McLean, & Grace, 2008). Across a range of terminal-link
delays to reinforcement, response allocation was fitted by the generalized matching equation
(Baum, 1974) to provide an index of delay sensitivity. Sensitivity estimates from saline
sessions were then compared to those from drug sessions to describe the manner in which
PPX affected delay sensitivity. Within this framework, if PPX enhances sensitivity to
differences in delay to reinforcement (i.e., increases preference for relative immediacy), then
such an effect would manifest as increased preference for the SSR, as in Madden et al.’s
(2010) Experiment 1. Alternatively, if PPX diminishes delay sensitivity, then preference
would shift toward the LLR (assuming sensitivity to differences in reinforcer amount
remains intact). If, however, PPX diminishes sensitivity to differences in reinforcer delay
and amount then choice would shift toward indifference (as was observed at higher doses in
Madden et al., Experiment 2; and Koffarnus et al., 2011). To explore these possibilities,
Experiment 1 quantified the effects of acute and repeated (i.e., once daily) PPX on
sensitivity to reinforcer delay in the concurrent-chains preparation. Experiments 2 and 3
employed different procedures to evaluate the effects of PPX on response—reinforcer
contingency discrimination (Davison & Jenkins, 1985) and discrimination of differences in
reinforcer amount, respectively.

Repeated dosing was examined because clinical populations administer PPX at least once
daily to achieve therapeutic effects (Antonini & Calandrella, 2011) and because repeated
dosing has not yet been explored in nonhuman PPX studies of intertemporal choice. In
addition, acute PPX administration significantly reduces activity in presynaptic DA neurons
in the ventral tegmental area, whereas repeated PPX administration restores such activity to
near-baseline levels and increases postsynaptic activity at projections in the prefrontal cortex
(Chernoloz, El Mansari, & Blier, 2009, 2012; Maj, Rog6z, Margas, Kata, & Dziedzicka-
Wasylewska, 2000). Such effects may influence the presence or absence of any nonspecific
drug effects, such as locomotor slowing (Chang, Breier, Yang, & Swerdlow, 2011; Riddle,
Rokosik, & Napier, 2012) or attenuation of stimulus control. To assess whether tolerance
had developed during extended exposure to the drug, we also compared behavioral measures
from the first four and the last four sessions of the repeated PPX assessment
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Experiment 1

Methods

Subjects—Twelve experimentally naive male Wistar rats served as subjects. Rats arrived
in the colony weighing approximately 325-350 grams (~ 9 weeks) and were housed
individually in polycarbonate cages in a room maintained on a 12/12-programmed light/dark
cycle. With the exception of experimental sessions, which were conducted 7 days per week,
water was continuously available. At least 2 hr after each session, supplementary chow was
provided in order to maintain weights of 375 grams.

All rats having completed the acute assessment served as subjects in the repeated assessment
(n =11, see below). With the exception of the drug administration regimen, all
environmental conditions—experimental and extraexperimental—were identical across
assessments. Animal use was in accordance with the Institutional Animal Care and Use
Committee (IACUC) of the University of Kansas.

Apparatus—Experimental sessions were conducted in six identical operant conditioning
chambers (24.1 cm x 30.5 cm x 21.0 cm; Med Associates Inc., St. Albans, VT). The
intelligence panel of each chamber featured two low-profile retractable side levers
(ENV-112CM, Med Associates Inc.) spaced horizontally 11 cm apart. A 28-volt DC cue
light was located 6 cm above each lever. Positioned 1 cm above the floor and centered
between the side levers was a pellet receptacle into which nutritional grain-based rodent
pellets could be delivered (45 mg; Bio-Serv, Frenchtown, NJ). A speaker generated white
noise to mask extraneous sound and a fan ventilated the sound-attenuating cubicle in which
each chamber was located. Experimental sessions were executed by a PC running MED-
PC® IV software in an adjacent room.

Behavioral procedure—Lever pressing was initially trained using an autoshaping
procedure. Once reliable responding had been established, a concurrent-chain procedure was
introduced for 40-trial sessions. Each trial began with both levers inserted into the chamber
and the stimulus light above each lever lit. During the initial link, a dependent concurrent VI
30-s VI 30-s schedule was in effect with the distributions programmed according to the
Fleshler and Hoffman (1962) method. Each reinforcer was randomly assigned to either the
left or right lever with two restrictions: (1) The same lever could not produce terminal-link
access on more than three consecutive trials and (2) left and right levers were selected an
equal number of times per session (20 each). A 3-s changeover delay (COD) prevented
responses emitted during the COD from producing terminal-link access.

When a lever press granted terminal-link access, the levers were retracted, the stimulus light
above the unselected lever was extinguished, and a delay to reinforcement was initiated. The
duration of the terminal-link delay depended upon the lever selected and the experimental
condition (see Table 1). After the terminal-link delay, the light above the selected lever was
extinguished and two food pellets were delivered to the receptacle regardless of which
alternative produced terminal-link access. A postreinforcer blackout was arranged so that
initial-link levers were inserted every 100 s (or multiples thereof, if the time of reinforcer
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delivery occurred after a 100-s interval). Sessions ended once all 40 reinforcers had been
earned or 2 hr had elapsed, whichever came first.

Response allocation was investigated in three conditions in which the terminal-link delays
were manipulated. In the first condition, both terminal-link delays were 7.5 s. In subsequent
conditions, left/right terminal-link delays were 12 s/3 s and 3 s/12 s (order counterbalanced
across subjects; see Table 1).

Baseline (no-injection) sessions continued in each condition for at least 20 sessions and until
(1) the mean initial-link response proportion (left/total) from the last three sessions deviated
by < .05 from the mean of the previous three sessions and (2) no monotonic trend was
visually apparent over the last six sessions. After response allocation met these stability
criteria, the acute dosing assessment began.

Drug procedure—PPX hydrochloride (N'-propyl-4,5,6,7-tetrahydrobenzothiazole-2,6-
diamine dihydrochloride) was synthesized and provided by Drs. Shaomeng Wang and
Jianyong Chen (University of Michigan, Ann Arbor, MI). PPX was dissolved in
physiological saline (0.9% NaCl) and was administered subcutaneously (s.c.) at a volume of
1.0 ml/kg. Ten minutes prior to every fifth session, saline or PPX (0.03, 0.1, 0.18, & 0.3
mg/kg) was administered in a descending dose order beginning with saline. The sequence of
doses was assessed twice in each delay condition.

Four days following completion of the acute dosing assessment, the repeated dosing
assessment began without changing the delay condition. Subjects experienced repeated
dosing with either saline or PPX (0.18 mg/kg) for at least 14 consecutive sessions in an
order counterbalanced across subjects. Dosing procedures (e.g., s.c. 10 min prior to session)
were identical to those used in the acute assessment. Four-day washout periods separated
saline and PPX regimens. For the remainder of the repeated assessment, the order of delay
conditions was reverse that of the acute assessment. Except for the first delay condition,
stability was assessed according to the criteria from the acute assessment.

Data analysis—The logarithm of the response allocation ratio for each dose was plotted as
a function of the logarithm of the terminal-link delay ratio in each experimental condition.
Log response allocation ratios were calculated separately using the means of the two dosing
series from the acute assessment and the respective means of the first and last four sessions
of the dosing regimen from the repeated assessment. Linear regressions were performed
using the generalized matching equation (Baum, 1974):

L R
log ( > ag IOg ( 3 > +10g (]_)

Sensitivity to relative reinforcer delay (aq) and bias (log b) estimates were analyzed using
one-way repeated-measures analysis of variance (ANOVA) with Dose (saline, 0.03, 0.1,
0.18, & 0.3 mg/kg) as the within-subject factor (IBM SPSS Statistics 20). Because we did
not hypothesize a priori that PPX would affect bias in a systematic manner, we used the

J Exp Anal Behav. Author manuscript; available in PMC 2014 September 11.



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

1duosnuely Joyny vd-HIN

Johnson et al.

Page 6

absolute value of log b in this and all subsequent statistical analyses involving bias.
Repeated saline and PPX estimates were compared using paired-samples t tests.

While acute PPX increases response latencies in both humans (Hamidovic, Kang, & de Wit,
2008) and nonhumans (Johnson, Madden, Brewer, Pinkston, & Fowler, 2011; Koffarnus et
al., 2011; Madden et al., 2010), repeated administration may normalize these sedative effects
(Riddle et al., 2012). We therefore examined the drug effect on mean left- and right-lever
latencies in both assessments using three-way repeated-measures ANOVA (Delay
Condition, Dose, Lever). A left- or right-lever latency was defined as the time from the
onset of a trial (insertion of both levers) to the first response on a lever (i.e., only one
latency, left or right, per trial). In 5 out of 330 cases (2%; 4 saline, 1 0.03 mg/kg) in the
acute assessment, 2 rats (G1 & G2) never pressed the right lever first at the onset of a trial
and, as a result, did not produce right-lever latencies. Missing data were imputed using the
between-subjects mean for that condition, and this did not alter the outcome of the analysis
compared to listwise deletion (i.e., removing a subject with missing data from the analysis;
Allison, 2001). Right-lever latencies were also absent in 5 out of 132 cases (3.7%; 4 saline,
1 0.18 mg/kg) for 4 rats (G1, G2, R1B1, & R1B2) in the repeated assessment and were
treated similarly.

In addition, we explored if PPX-induced increases in SSR choice could have been due to
perseverative or rate-dependent effects. Reports of D,/D3 DA agonist-induced response
perseveration are not uncommon (Boulougouris, Castafié, & Robbins, 2009; Haluk &
Floresco, 2009); therefore, mean bout length (i.e., number of responses preceding a
changeover event) was evaluated using two-way repeated-measures ANOVA (Delay
Condition, Dose). Dopamine agonists (e.g., amphetamine) have also been shown to produce
rate-dependent effects on responding (e.g., by simultaneously decreasing high nondrug rates
and increasing low nondrug rates below and above control levels, respectively; Dews, 1958;
Lucki & DeLong, 1983). Local response rates from the acute assessment (expressed as a
percentage of saline rates) were therefore examined for rate dependency using two-way
repeated-measures ANOVA (Terminal-link Delay, Dose). Local response rates for the
common 0.18 mg/kg dose were also compared between the acute and repeated assessments.
We hypothesized that relative local response rates would be affected by terminal-link delays
(i.e., higher local rates on the lever with the shorter delay to reinforcement). If PPX
decreases high rates and increases low rates, then rate-dependent changes in choice may
explain previous findings of PPX-induced changes in SSR preference.

In the acute assessment, 1 rat (P1) fell ill, was euthanized, and was excluded from all
analyses. A 2nd rat (G3) developed an extreme right-lever bias in nondrug sessions in the
final delay condition (3/12). This bias toward the lever on which was programmed the
longer delay was remediated in 10 sessions in which reinforcers were only available by
pressing the left lever. Subsequently, stability was reestablished for this rat (see Table 1). As
a result of these remedial procedures, G3 did not begin the final delay condition of the
repeated assessment (7.5/7.5). Also in the repeated assessment, 1 rat (P2) fell ill before
completing the final delay condition and was euthanized. The incomplete data collected with
the latter 2 rats were sufficient to confidently assess delay sensitivity, but not bias. However,
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the volume of missing data for these 2 rats prevented their inclusion in other statistical
analyses comparing acute and repeated assessments (e.g., latency).

Pairwise comparisons were evaluated using Bonferroni-corrected alphas. Effects sizes for
repeated-measures ANOVA were calculated as generalized eta squared (see Bakeman,
2005); Cohen’s d was used for paired-samples t tests. For cases where data violated
assumptions of normality, Greenhouse-Geisser adjusted degrees of freedom were used to
estimate criterion for significance. All effects and interactions were significant at the p < .05
level.

Rats required a mean of 27.55 (SD = 10.16) and 29.45 (SD = 4.96) sessions to achieve
stability during the acute and repeated PPX assessments, respectively (Table 1). For rats
completing both assessments, significantly more sessions were required to achieve stability

in the repeated assessment, F'(1,9)=13.55, p<.01, 77?; =.3L

Delay sensitivity and bias—Figure 1 depicts dose-effect curves for delay sensitivity and
bias estimates from the best-fitting linear regressions to individual subject and group data
from the acute PPX assessment. Increases in PPX dose above 0.03 mg/kg tended to decrease
sensitivity to relative reinforcer delay below saline levels, significant main effect:

F(1.64,16.4)=13.98, p=.001, 77?; =.58; with rats G3, P2, B1R2, and R1B2 being exceptions
to this rule. Pairwise comparisons revealed that the only acute PPX dose at which delay
sensitivity was significantly lower than saline was 0.3 mg/kg (p = .02). Delay sensitivity in
saline sessions tended to be higher among rats that showed the most systematic dose effect.

With the exception of 3 rats (G1, G3, & R1B2), there was no clear indication of lever bias in
saline sessions in the acute PPX assessment. For these 3 rats, acute PPX appeared to
attenuate these biases. This observation was not supported statistically, however, as absolute
bias was unaffected by acute PPX at the group level (p > .12).

Figure 2 shows delay-sensitivity and bias estimates for individual rats (and the group) in the
first and last four sessions of the repeated PPX assessment. In the first four sessions, PPX
tended to decrease sensitivity to delay, t(10) = 3.65, p < .01, d = 1.10; rats G1, G3, P2, and
R1B2 being exceptions to this rule. In the final four PPX sessions, however, sensitivity had
largely returned to levels observed over the last four saline sessions (p = .06); rats G2, G4,
and B1R3 being exceptions. The latter increase in delay sensitivity with repeated PPX
dosing, t(10) = 3.44, p< .01, d = 1.04, is suggestive of drug tolerance.

Bias was present for 3 rats (G1, R1B1, & R1B2) in the repeated saline assessment. Repeated
PPX reduced the severity of these biases, and this was true statistically of the difference
between absolute levels of bias over the last four sessions of the saline and PPX regimens,
t(8) =2.97, p< .02, d = .99. Absolute bias was not significantly affected by repeated dosing
(first vs. last four PPX, p =.34).

Response latencies—Figure 3 depicts the effects of acute PPX on rats’ mean latencies to
emit a lever press in the initial link of the concurrent-chains schedule. Data are collapsed
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across terminal-link delay conditions and levers (left vs. right) as neither of these within-
subjects factors was significantly related to latency measures (all main effect and interaction
p’s >.18).

As in previous reports, acute PPX significantly increased rats’ latencies, main effect of dose,

F(1.77,17.66)=20.88, p<.001, 77?; =.35. For a majority of the rats there was a positive
monotonic relation between acute PPX dose and response latencies; G4, R1B1, and R1B3
being exceptions. Pairwise comparisons conducted at the group level confirmed the general
finding that latencies at all PPX doses were significantly elevated above saline latencies (all
p’s <.01).

Response latencies were also generally increased by repeated PPX (Figure 4). Due to the
presence of a significant Dose x Delay Condition interaction,

F(2,16)=9.24, p=.002, ni:.ll, latencies are collapsed only across the within-subject factor
of Lever. Across conditions and rats, there was little evidence for consistent PPX sensitivity
or tolerance developing from the first four until the last four sessions of the repeated
assessment. Compared to the acute assessment, rats were slower to respond in this
assessment, and this was due in part to the elevated latencies in the final delay condition
(7.5/7.5), significant Assessment x Delay Condition interaction,

F(2,16)=9.81,p<.002,n7 =.15.

Response perseveration—Figure 5 depicts the effects of acute and repeated PPX on
response perseveration. Although the Dose x Delay Condition interaction in the acute PPX

assessment was significant, F'(2.45, 24.47)=3.33, p<.05, 77(2; =.07, this was largely due to the
behavior of 3 rats (G1, G2, & B1R1) that, in the 3/12 condition at the 0.03 mg/kg dose,
tended to emit more responses on a lever before a changeover event. At the group level,
however, increasing the acute PPX dose tended to decrease bout length. Post-hoc
comparisons were therefore not conducted on the simple main effect of dose because in only
14 out of 132 cases (10.6%, almost exclusively at the 0.03 mg/kg dose) did acute PPX
increase bout length above saline levels (i.e., induce response perseveration).

Figure 5 also shows that, relative to repeated saline, repeated PPX significantly reduced bout

length, main effect of dose, F'(1, 8)=22.09, p=.002, 773: =.34. Although for some rats the
decrease in bout length was less clear (G1, B1R2, & R1B2), the effect for most rats was
consistent with the group finding and did not differ statistically from the level of decreases
observed in the acute PPX assessment (p = .47). Bout length was also generally more robust
against this suppressive effect of repeated PPX in the final delay condition (7.5/7.5)
compared to other delay conditions, significant Dose x Delay Condition interaction,

F(2,16)=5.95,p<.02, ni =.04. Most importantly for the hypothesis that PPX increases the
likelihood of response perseveration, in neither assessment did PPX significantly increase
bout length.

Rate dependency—Figure 6 shows individual-subject and group rate-dependency plots
from the acute and repeated PPX assessments. Because local initial-link response rates for
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the 3-s and 12-s terminal-link delays did not differ significantly between the 3/12 and 12/3
delay conditions (i.e., no main effect or interaction involving Lever; all p’s = .06) data were
collapsed across lever assignments. Mean response rates are expressed as a percentage of the
corresponding saline response rate (responses per min) and plotted as a function of saline
response rate for acute and repeated PPX assessments.

In saline sessions in the acute PPX assessment, local initial-link response rates were higher
for the 3-s terminal-link delay than for the 12-s delay for 8 out of 11 rats, a difference that

was significant at the group level, t(10) = 2.50, p = .03, d = .76. The primary effect of acute
PPX was to decrease local response rates relative to saline rates (i.e., data points below the

dashed line; F'(1,10)=68.71, p<.001, nf;:.63). This was true also for all rats in the repeated
PPX assessment. These decreases in the percent saline rate tended to be more pronounced in
the initial link that had previously maintained higher local response rates (i.e., negative
slope). Of 44 pairs of rates (four per rat) in the acute assessment, only seven (15.91%)
showed a rate-dependent effect consistent with previous effects of dopamine agonists (i.e.,
above-baseline increases in lower rates and below-baseline decreases in higher rates); there
were no cases of similar rate-dependent effects of PPX in the repeated assessment.

The primary finding of Experiment 1 was that sensitivity to differences in reinforcer delay in
a concurrent-chains arrangement decreased as acute PPX doses increased. Recall that
Madden et al. (2010, Exp. 1) observed PPX-induced increases in SSR choice, whereas
Madden et al. (2010, Exp. 2) and Koffarnus et al. (2011) reported that indifference emerged
at higher PPX doses, suggestive of nonspecific attenuation of stimulus control. Our primary
finding of diminished sensitivity to delay following acute PPX doses is incompatible with
the findings of Madden et al.’s Experiment 1 in which acute PPX dose-dependently
increased SSR choice. That is, diminished sensitivity to relative reinforcer delay (present
experiment) should either shift preference in an intertemporal choice context toward more
LLR choices (if choice remains sensitive to relative reinforcer amounts) or toward
indifference (if amount sensitivity is similarly disrupted). The primary finding of the present
experiment is consistent with the findings of Madden et al.’s Experiment 2 and Koffarnus et
al., wherein PPX shifted preference toward indifference in a manner resembling an
attenuation of stimulus control over choice behavior.

Repeated PPX (0.18 mg/kg) did not significantly affect sensitivity to relative reinforcer
delay. While the drug did not significantly affect absolute levels of bias in the acute
assessment (i.e., relative to saline), repeated PPX did attenuate biases observed under
repeated saline conditions. As in previous reports, acute PPX increased response latencies,
and this effect extended to the repeated assessment. Alternative explanations for the effects
of PPX in previous intertemporal choice studies, namely response perseveration and rate-
dependent increases in selection of the SSR, were not supported. Finally, tolerance to the
effects of PPX was evident for delay sensitivity, but not for absolute bias or response
latencies when comparing the first and last four days of repeated PPX administration.
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Although concurrent-chains preparations might be viewed as simpler than intertemporal
choice tasks because they equalize one dimension (e.g., reinforcer amount) while varying
another (e.g., reinforcer delay), the performances they generate are still complex in that they
require the organism to discriminate aspects of the choice situation that are more ambiguous
(i.e., fewer discriminative stimuli) than in an intertemporal choice. For instance,
contingencies relating responses and the reinforcers they produce must be discriminated by
the organism (Davison & Jenkins, 1985); something that can be difficult when both
responses produce the same reinforcer in the same location. If PPX impairs the
discrimination of response—reinforcer contingencies, then responding may become
undifferentiated, which in the context of concurrent-chain schedules and intertemporal
choice situations would manifest as indifference.

Delaying reinforcement may also negatively affect discrimination of response-reinforcer
contingencies. However, because only one alternative in most intertemporal choice studies is
delayed (i.e., the LLR alternative), it is possible that PPX more severely impairs
discrimination of the LLR response-reinforcer contingency. If so, then the LLR contingency
would less effectively control choice relative to the SSR contingency, an outcome that
should shift preference more toward the SSR. If PPX disrupts an organism’s ability to
discriminate response—reinforcer contingencies, then this hypothesis could explain the
pattern of results in Madden et al.’s (2010) Experiment 1. Specifically, in their self-control
baseline, rats were predominantly choosing the LLR and PPX increased preference for the
SSR. If PPX disrupted response—reinforcer contingency discriminations in this condition in
which these discriminations were difficult to make because of the delay, then this would
shift choice toward the SSR alternative. However, in Madden et al.’s impulsive baseline,
where choice was predominantly for the SSR and, presumably, contingency discriminations
were easily made, PPX had no effect on choice. If response—reinforcer contingency
discriminations were easily made in the impulsive baseline (because there was no delay
between response and reinforcer), then the absence of a PPX effect may have more to do
with response—reinforcer temporal contiguity than to the absence of indirect effects of PPX
(the interpretation forwarded by Madden et al.).

This hypothesis could also account for the shift toward indifference reported by Koffarnus et
al. (2011): At longer delays to the LLR, differential impairment of the discrimination of
response—reinforcer contingencies would shift preference away from LLR choices. This
hypothesis does not, however, provide a coherent account of the results of Madden et al.’s
(2010) Experiment 2. In that experiment, rats preferred SSRs at the longest delay to the LLR
(30 s) under saline conditions. The differential-impairment hypothesis described above
predicts that following PPX administration, as delays to the LLR increase, discriminating
the LLR response-reinforcer contingency would become increasingly difficult. If PPX
disrupts this contingency discrimination, then we would expect PPX to increase choice of
the SSR as delays to the LLR increase in duration. This was not observed. Instead, choice
shifted toward indifference regardless of the delay (including 0-s delays), a pattern of results
consistent with undifferentiated impairment in discrimination of all response—reinforcer
contingencies.
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These different outcomes provided the rationale for Experiment 2: to examine the effects of
PPX on discrimination of response—reinforcer contingencies. A spatial matching to sample
(SpMTS) procedure was used because we were interested in signal detection (Jones &
Davison, 1998). That is, we were interested in the effects of PPX on the effectiveness of
rats’ own behavior (left or right lever press) to serve as a sample stimulus that occasioned
comparison responding on a spatially-related operandum (left or right nose poke). Repeated
PPX dosing was arranged so as to reduce the interference of nonspecific drug effects (e.g.,
locomotor slowing).

Experiment 2

Methods

Subjects—Twelve experimentally naive male Wistar rats served as subjects and were
treated identically to subjects serving in Experiment 1. Animal use was in accordance with
the research protocol approved by the IACUC at Utah State University.

Apparatus—Sessions were conducted in standard operant conditioning chambers housed
within sound-attenuating cubicles (Med Associates Inc., St. Albans, VT). The front wall of
each chamber was identical to that described in Experiment 1. On the opposite wall were
two nose-poke operanda (left and right sides). A central food receptacle was located
between the nose pokes and was serviced by an additional 45-mg pellet dispenser
(Coulbourn Instruments, Whitehall, PA). Chambers were equipped with a white noise
speaker and ventilation fan. All experimental events were coordinated and recorded via a
PC.

Behavioral procedure—As in Experiment 1, lever pressing was initially trained using an
autoshaping procedure. Once reliable responding had been established, experimental
sessions began. Sessions consisted of 40 trials. For the first part of each trial (sample
period), one of the levers was selected randomly without replacement and inserted into the
chamber accompanied by illumination of its stimulus light (20 trials per lever). A single
response on this lever retracted the lever, extinguished its stimulus light and resulted in the
delivery of one food pellet to the front receptacle. If a sample response did not occur within
15 s of lever insertion, the trial was terminated and counted as an omission.

Immediately following reinforcer deliveries to the front receptacle, discrimination of the
response that produced reinforcement was assessed (comparison period). First, the stimulus
lights located within the rear nose pokes were illuminated. Next, a conditional
discrimination was required such that the rat had to make a single nose poke to the nose
poke operandum spatially associated with the sample response (e.g., if the pellet was earned
by pressing the left lever, choose the left nose poke). Failure to emit a comparison response
within 15 s of illumination of the nose poke lights resulted in trial termination and the trial
being counted as an omission.

Correct nose-poke responses extinguished all stimuli and resulted in the delivery of one food
pellet to the rear receptacle. Incorrect responses produced the same series of events with a
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0.5-s blackout taking the place of pellet delivery. Following each trial, a 30-s ITI occurred
during which all stimuli were in the “off” state.

For the first 20 sessions of the experiment, a correction procedure was implemented. During
this period, trials in which samples were not identified correctly were repeated indefinitely
until the correct discrimination was made. Sessions ended once 40 correct discriminations
were made or two hr had elapsed, whichever came first. The correction procedure was then
removed for 10 sessions and for the remainder of the experiment in which the effects of
repeated PPX were assessed.

Drug procedure—PPX (0.18 mg/kg) or saline vehicle was administered subcutaneously
10 min prior to every session for 14 consecutive sessions. After a 6-day no-injection
washout period, a second repeated dosing regimen was initiated with the compound not
administered in the first regimen (order counterbalanced across subjects).

Data analysis—Accuracy of rats’ discriminations of sample responses was calculated as
log d using the signal-detection model forwarded by McCarthy, Davison, and Jenkins
(1982):

log d=0.5  log ( RLeﬂLefi " iﬁ@hmmm) e
LeftRight RightLeft

in which Ry gt eft 1S the number of left nose pokes following a reinforcer from the left lever
(correct discrimination) and Ry estright IS the number of right nose pokes having just obtained
a reinforcer from the left lever (incorrect discrimination); the same nomenclature apply to
reinforcers earned from the right lever. Log d was calculated for the first sessions of the
saline and PPX administration, as well as over the course of the last four sessions of these
regimens. Perfect discrimination between the contingencies (i.e., the correct nose poke was
always chosen) was indicated by ceiling log d values of 1.91 (one session) and 2.51 (four
sessions); chance responding always resulted in a log d of 0. A correction to Equation 2
suggested by Brown and White (2005) in which 0.25 is added to each response count was
adopted. Compared to a percent correct measure, log d expresses accuracy proportionately
and is, therefore, less likely to be influenced by the total number of trials considered in the
calculation. Bias (i.e., favoring a particular comparison response over another due to
nonexperimenter programmed variables) was calculated as log b:

R

R, . .
log b=0.5 * log ( Leftleft nghtLeﬁ > @)

LeftRight RightRight

Repeated PPX increased response latencies in Experiment 1 and we hypothesized that this
effect, if manifested in the SpMTS task as prolonged retention intervals, could be a
mechanism by which discrimination accuracy is reduced (for a review, see White, 2013).
We therefore assessed rats’ latencies to emit comparison responses (correct nose poke only),
as well as latencies to engage in the sample response (lever press) and the frequency of
omissions (response latencies > 15 s) using paired-samples t tests. The analysis of latencies
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was restricted to those preceding correct comparison responses because half of the rats failed
to produce incorrect response latencies during repeated saline dosing. Finally, to quantify
the potential relation between comparison response latencies and discrimination accuracy
(calculated as percent correct), we examined correlations between these variables in the first
session and last four sessions of repeated PPX administration relative to saline performance.

Where data failed to satisfy assumptions of normality (i.e., significantly nonnormal
according to D’ Agostino-Pearson omnibus normality test; GraphPad Prism 5.00 for
Windows, GraphPad Software, La Jolla, California, USA, www.graphpad.com), related-
samples Wilcoxon signed-rank tests (nonparametric equivalent of paired-samples t test)
were used to test for PPX-induced differences in the accuracy with which rats discriminated
response—reinforcer contingencies (log d) and bias (log b). To evaluate the acute PPX effect,
we examined performances in the first repeated session in which PPX was administered.
Where appropriate, data from the first four repeated PPX sessions were compared to data
from the last four sessions to evaluate tolerance as in Experiment 1. For nonparametric tests,
effect sizes were calculated according to the method described by Field (2009).

Accuracy and bias—Because maximum log d and log b values differ depending on the
number of sessions analyzed, Figure 7 displays accuracy and bias measures in two ways.
The left segment of each x-axis shows data collected in the first saline session and the first
PPX session. The right segment of each x-axis illustrates mean per-session values from the
first four and last four sessions of repeated saline and PPX. Nearly all rats discriminated
response—reinforcer contingencies with perfect accuracy in the first saline session, as well as
over the first and last four saline sessions. With the exceptions of B1 and B4, the first
administration of PPX reduced the accuracy of response-reinforcer contingency
discrimination relative to the first saline administration, z= -2.67, p < .01, ES = .55. All rats
discriminated response—reinforcer contingencies less well in the last four sessions of
repeated PPX relative to the last four sessions of saline, z=-3.06, p < .01, ES = .62. There
was, however, no across-subject consistent effect of PPX on accuracy from the first four to
the last four sessions of the repeated assessment (p = .70).

In the first saline session, bias (log b) was near zero for 5 rats (B2, B4, B6, G2, & G4) and
unsystematic across the other 7 (left nose poke bias: G3 & G5; right nose poke bias: B1, B3,
B5, G1, & G6) across rats. There was a tendency for biases to resolve over the course of
repeated saline administration. The effect of first-session PPX on bias relative to first-
session saline was similarly unsystematic. Over the course of the repeated PPX regimen,
absolute levels of bias observed in the first four sessions were reduced in most cases, but
exacerbated in others (B5 & B6); at the group level, the difference was not significant (p=.
37). Likewise, absolute bias observed over the last four PPX sessions was not significantly
different from absolute bias in either the first session (p = .46) or last four sessions (p = .58)
of repeated saline administration.

Response latencies—Figure 8 depicts the effects of PPX on mean latencies to emit
sample (lever) and correct comparison (nose poke) responses. Neither latency differed
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significantly between left or right levers, regardless of saline or PPX administration;
latencies are therefore collapsed across levers. First-session PPX increased nominally
sample-response latencies in about half of the rats, t(11) = 3.23, p< .01, d = .93. The same
was true of sample-response latencies when compared between the last four sessions of
repeated saline and PPX, t(11) = 3.39, p< .01, d = .98. The difference in sample-response
latencies between the first four and last four sessions of repeated PPX was not significantly
different (p = .55).

Figure 8 also shows mean correct-comparison response latencies. With the exception of rat
B1, these latencies were increased above saline levels by first-session PPX, t(11) = 6.02, p
<.001, d=1.74. A more consistent effect was observed in the last four sessions of repeated
PPX, t(11) = 8.31, p<.001, d = 2.40. There was no consistent across-subjects effect of
repeated dosing (first four vs. last four sessions) on comparison latencies (p = .17). PPX also
increased the mean number of omissions (i.e., latencies = 15 s) from zero in saline sessions
to 7.00 (SD = 8.18) in the first session, t(11) = 3.04, p=.01,d = .88, and 7.42 (3D = 8.73)
over the last four sessions of repeated dosing, t(11) = 2.94, p = .01, d = .85 (data not shown).

Accuracy-Latency Correlations—Figure 9 depicts correlations between changes in
accuracy (calculated as percent correct) as a function of changes in correct comparison
latency in the first session and last four sessions of repeated PPX administration. When
analyzed in terms of absolute change from baseline (i.e., saline), neither change in latencies
nor change in accuracy differed significantly between left or right levers and so the data
were collapsed across levers.

Relative to the first saline session, the first session of PPX administration increased correct
comparison response latencies by an average of 3.29 s (SD = 1.89) and decreased percent
correct discriminations by an average of 16.84% (SD = 14.22). A significant negative
correlation between these change measures was observed (i.e., longer latencies were
correlated with greater decrements in accuracy, r = -0.64, p = .02).

Repeated PPX (last four sessions) increased correct comparison latencies by an average of
3.44 s (SD = 1.44) and decreased percent correct discriminations by an average of 13.62%
(SD = 7.60) relative to the last four sessions of repeated saline administration. Neither
measure differed significantly between the first session and the last four sessions of repeated
dosing (both p’s =.28). There was no significant correlation between latency and accuracy
over the last four sessions, r = -0.28, p = .37.

Experiment 2 explored the possibility that PPX disrupts rats’ discrimination of response—
reinforcer contingencies. Rats were trained to spatially relate samples (left or right levers) to
comparisons (left or right nose poke operanda). Accuracy of rats’ discrimination of the
response—reinforcer contingencies was generally high in the first saline session and perfect
for half of the subjects over the last four repeated saline sessions. PPX (0.18 mg/kg)
administration reduced the accuracy of the discrimination in the first session and increased
latencies to emit sample and comparison responses. Each of these effects was sustained
throughout the repeated PPX regimen. Unlike in Experiment 1, there was no statistical
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evidence that tolerance had developed over the course of repeated PPX administration for
any measure.

In addition to a potential direct effect of PPX on discrimination accuracy, we also
hypothesized that a prolonged comparison latency resulting from the drug’s documented
sedative properties could decrease accuracy by effectively acting as a delay between the
sample stimulus and production of the comparison response. If this indirect drug effect were
responsible for the results of Experiment 2, then one might predict a negative correlation
between increases in comparison latencies and decreases in accuracy during the PPX
regimen. This hypothesis was supported in our analysis of data from the first PPX session,
our proxy for acute administration in the repeated regimen. While this finding is intriguing,
it should be interpreted cautiously as it does not definitively indicate a causal role for
increased latencies in the reduction of accuracy. A plausible alternative explanation, for
example, is that PPX directly impaired accuracy, which resulted in a decrease in
reinforcement rate, which in turn led to an increase in comparison latencies.

Over the last four sessions of repeated PPX administration, increases in comparison
latencies were not significantly related to decreases in discrimination accuracy. That is,
regardless of any between-subjects differences in the potential sedative effect of repeated
PPX, rats discriminated response-reinforcer contingencies with a similar degree of
accuracy, a correlation supportive of a direct negative effect of the drug.

The findings of Experiment 2 suggest that PPX-induced changes in intertemporal choice
(Koffarnus et al., 2011; Madden et al., 2010) may have been affected by disruptions in
response—reinforcer contingency discrimination. Because PPX was administered acutely in
these previous studies, it is possible that the significant negative correlation identified in the
first PPX session of the present experiment could have influenced previous outcomes,
regardless of the direction of causation between latencies (i.e., delay) and discrimination
accuracy. However, as evidenced by the lack of a correlation between these behavioral
measures following repeated PPX, we cannot rule out the involvement of a direct effect of
PPX on impairment of contingency discrimination in previous studies. A more compelling
case for a direct effect could be made in a preparation unaffected by locomotor slowing (i.e.,
no change in comparison latencies), which we unsuccessfully attempted to achieve in
Experiment 2 through repeated PPX administration. Such an experiment would also be
capable of evaluating the alternative explanation discussed above that increases in
comparison latencies are the consequence, rather than the cause, of decreases in accuracy.

An additional explanation for the findings of previous intertemporal choice experiments is
that PPX impaired rats’ discrimination of different reinforcer amounts. For instance, in
Koffarnus et al. (2011) and in Madden et al.’s (2010) Experiment 2, high PPX doses (0.1-
0.32 mg/kg) increased SSR choice in the initial trial block in which rats chose between small
and large reinforcer amounts, both available immediately. Because nondrug choice favored
almost exclusively the LLR in both studies, the direction of the PPX-induced shift in
preference for this alternative suggests that discrimination of reinforcer amounts may have
been compromised. Furthermore, given the results of Experiment 1 of the present study (i.e.,
decreased delay sensitivity following PPX), if amount discrimination were intact in previous
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studies, then intertemporal choice would have favored the LLR (i.e., rats would have
preferred more to less food). That PPX has never been shown to increase LLR choice
strongly suggests that reinforcer amounts are discriminated poorly following PPX
administration.

Impaired amount discrimination may also interact with and enable the disruption in
response—reinforcer contingency discrimination observed in Experiment 2 of the present
study. More specifically, if discrimination of response—reinforcer contingencies is impaired,
then differences in reinforcer amount (e.g., one vs. three pellets in an intertemporal choice
task) may serve a discriminative function that aids in contingency discrimination. However,
if amount discrimination is also impaired by PPX, then there are no additional
discriminative stimuli available to guide subsequent choice behavior.

To investigate the hypothesis that PPX impairs rats’ discrimination of different reinforcer
amounts, Experiment 3 used a symbolic MTS (SyMTS) procedure similar to the SpMTS
employed in Experiment 2 (McCarthy & Davison, 1986). The experimental question could
not be evaluated using the concurrent-chains procedure of Experiment 1 because impaired
amount discrimination is predicted to decrease the slope of the matching function in a
manner formally identical to an attenuation of stimulus control, an outcome that would fail
to dissociate the two accounts. As discussed below, the SyMTS procedure does not require
rats to discriminate the source of reinforcement—only the reinforcer amount obtained—and
is therefore less confounded by impairments of other relevant discriminations. In our
experiment, rats received response-independently either small or large food amounts (one or
three food pellets), which served as the sample stimulus. Following consumption, rats
selected a left or right lever to report which sample was provided. The resulting measure of
accuracy provided an individualized baseline performance against which the effects of
repeated PPX were then compared.

Experiment 3

Methods

Subjects and apparatus—The subjects and apparatus were those used in Experiment 2.
A head entry detector (ENV-254-CB, Med Associates Inc., St. Albans, VT) was installed in
the front pellet receptacle between Experiments 2 and 3 to precisely coordinate the onset of
comparison stimuli. Animal use was in accordance with the IACUC of Utah State
University.

Behavioral procedure—Experimental sessions consisted of 40 trials. For the first part of
each trial, one of two food reinforcer amounts (one or three pellets) was selected randomly
without replacement to be delivered response-independently into the front receptacle (20
trials per reinforcer amount; sample period). The time from a rat’s initial entry into the food
receptacle until it had exited the receptacle served as a measure of consumption duration.
Once the rat refrained from reentering the receptacle for 0.2 s, the SyMTS task was initiated
to assess discrimination of the one- and three-pellet reinforcer amounts (comparison period).
First, the left and right levers were inserted and their associated stimulus lights were
illuminated. Next, a conditional discrimination was required such that the rat had to press
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the lever symbolically associated with the sample reinforcer amount (e.qg., if three pellets
were delivered, choose left lever); symbolic relations were counterbalanced across rats.
Correct responses extinguished all stimuli and resulted in the delivery of one food pellet to
the front receptacle. Incorrect responses produced the same series of events with a 0.5-s
blackout taking the place of pellet delivery. Following each trial, a 30-s ITI occurred during
which all stimuli were in the “off” state. Failure to emit a comparison response within 15 s
of lever activation resulted in trial termination and the trial being counted as an omission.

For the first 10 sessions of the experiment, a correction procedure was implemented. During
this period, trials in which samples were not identified correctly were repeated indefinitely
until the correct discrimination was made. Sessions ended once 40 correct discriminations
were made or 2 hr had elapsed. The correction procedure was then removed for 10 sessions,
after which the repeated PPX assessment began regardless of baseline accuracy.

Drug procedure and data analysis—With the exception of the order of saline and PPX
regimens (opposite those experienced in Experiment 2), drug procedures and analytical
techniques were identical to those used in Experiment 2. Log d and log b calculations were
modified from Equations 2 and 3 to yield amount-specific formulations:

R R
log d=0.5 x log (RSmn,llSm,a,H g __Lorgelarge ) o

SmallLarge RLar_chmall

R, . R,
10g b=0.5 % 10g ( SmallSmall * L(Llyebmull) (5)

SmaliLarge LargeLarge

In Equations 4 and 5, Rgyajismall @nd R arget arge COrrespond to trial counts for correct
discriminations of small and large samples, respectively; RgmajiLarge aNd Riargesmall are
trials on which subjects reported incorrectly small and large samples.

Three temporal measures were of interest in Experiment 3: the latency to enter the pellet
receptacle to consume the sample, the duration of sample consumption (i.e., head entry
duration), and the latency to emit a correct comparison response (i.e., left or right lever
press). Based on the results of previous experiments, we hypothesized that repeated PPX
would increase these temporal measures. As in Experiment 2, we examined correlations
between changes in comparison latencies and discrimination accuracy (calculated as percent
correct).

Tolerance was assessed by comparing behavioral measures from the first four sessions to
those from the last four sessions of repeated PPX. Nonparametric statistical comparisons
(log d and absolute log b) used Wilcoxon signed-ranks tests with an alpha level of .05.
Temporal measures met assumptions of normality and were analyzed using paired-samples t
tests.
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Accuracy and bias—As in Experiment 2, Figure 10 depicts per-session log d and log b
measures to facilitate comparison with first-session accuracy and bias. With one exception
(B4), first-session PPX administration reduced the accuracy with which rats discriminated
differences in amount relative to first-session saline performance, z=-2.93, p< .01, ES =.
49. Repeated PPX administration (last four sessions) also reduced accuracy relative to
repeated saline for most rats, z=-2.63, p < .01, ES = .54; B4 and G6 being the exceptions.
In half of the subjects (B1, B2, G1, G2, G3, & G6), repeated PPX (last four sessions)
attenuated decrements observed in the first four sessions of the regimen, while 5 rats (B3,
B4, B5, B6, & G5) showed no effect and 1 rat (G4) was slightly less accurate at the end of
the regimen. Overall, there was insufficient evidence for the development of tolerance in this
measure (p = .13).

During the first saline session, 5 rats (B2, B4, G1, G2, & G5) were biased towards reporting
that the sample amount was small (i.e., positive log b); the remaining rats showed the
opposite or no bias. By the last four saline sessions, the grouped (nonabsolute) bias was
significantly greater than zero, z=-2.24, p = .03, d = .46. For all but 2 rats (G2 & G4), the
first PPX administration shifted bias in favor of reporting that the sample was large,
although absolute levels of bias did not differ significantly between saline and drug sessions
(i.e., rats were no more biased in PPX than in saline sessions; p = .12). Repeated PPX
administration did not affect absolute bias systematically when compared to the last four
sessions of saline, (p = .52). Relative to the first four sessions of PPX administration,
repeated PPX also did not significantly affect absolute bias (i.e., no tolerance, p = .85).

Response latencies—Figure 11 depicts the effects of PPX on mean head-entry latencies
to enter the food receptacle to consume the sample pellets. With four exceptions (B2, B6,
G5, & G6), rats did not respond to small and large trials differentially in saline sessions, and
this was consistent at the group level (all p’s = .13). Neither small- nor large-sample
latencies were significantly affected by the first PPX administration relative to the first
saline administration (p = .06 and .25, respectively), although at the individual-subject level
both B3 and B4 responded more slowly for small than for large samples. Repeated PPX
administration (last four sessions), however, significantly increased head entry latencies on
both small-, t(11) = 5.61, p<.001, d = 1.62, and large-, t(11) = 4.36, p=.001, d = 1.26,
sample trials. Relative to the first four PPX sessions, repeated PPX had no systematic effect
on small- or large-sample latencies (both p’s = .29).

Consumption durations (i.e., head-entry durations; data not shown) were significantly
increased by the first PPX administration, small: t(11) = 8.02, p < .001, d = 2.31; large: t(11)
=3.26, p<.01, d=.94, as well as by repeated PPX, small: t(11) = 7.32, p<.001, d = 2.11;
large: t(11) = 4.61, p<.001, d = 1.33. Small-sample, t(11) = 5.49, p < .001, d = 1.59, but not
large-sample consumption durations (p = .31) were significantly lower following repeated
PPX administration.

As shown in Figure 12, with few exceptions, latencies to emit a correct comparison response
were of shorter duration for small-sample trials compared to large-sample trials. First-
session PPX administration elevated both comparison latencies, small: t(11) =4.45,p=.
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001, d=1.28; large: t(11) = 7.44, p < .001, d = 2.15, as did repeated PPX (relative to
repeated saline), small: t(11) = 4.96, p < .001, d = 1.43; large: t(11) =6.40, p<.001,d =
1.85. The statistical analysis suggested that small-sample comparison latencies declined
from the first four to the last four sessions, t(11) = 2.65, p < .03, d = .76, but this difference
was often not observed at the level of individual rats. No such decrease was observed in
large-sample comparison latencies (p = .91). The frequency of omissions per session also
increased above saline levels with first, t(11) = 2.34, p < .04, d = .68, and repeated PPX
administration, t(11) = 2.81, p< .02, d = .81, with no indication of tolerance (p = .42; data
not shown).

Accuracy-latency correlations—Figure 13 depicts correlations between changes in
accuracy (calculated as percent correct and shown separately for small- and large-sample
trials) as a function of changes in correct comparison latency following the first session and
last four sessions of PPX administration. Unlike in Experiment 2, absolute change in
accuracy differed significantly by sample-trial type (small vs. large) following the first PPX
administration, t(11) = 3.45, p < .01, d = 1.00, but not over the course of the last four PPX
sessions (p = .43). Absolute change in small- and large-sample correct comparison latencies
also differed significantly at each time point, first: t(11) = 2.98, p = .01, d = .86; last four:
t(11) = 3.76, p< .01, d = 1.09. For these reasons, accuracy-latency correlations were
evaluated separately for each sample-trial type.

In the first PPX session (left panel), correct comparison latencies on small-sample trials
increased by an average of 2.31 s (SD = 1.80) and accuracy on these trials decreased by an
average of 32.90% (SD = 19.25). A significant negative correlation between these change
measures was observed (i.e., longer latencies were correlated with greater decrements in
accuracy, r = -0.68, p=.01). On large-sample trials, latencies were increased by an average
of 4.24 s (SD = 1.97) and accuracy decreased by an average of 6.57% (SD = 11.56). For
these trials, the correlation between the change measures did not achieve conventional levels
of significance, r = .49, p =.10.

With repeated PPX administration (right panel), correct comparison latencies on small-
sample trials were increased above repeated saline levels by an average of 1.67 s (SD =
1.17) and accuracy was decreased by 11.26% (SD = 8.82). Repeated PPX change measures
were significantly less extreme when compared to first-session PPX change measures (both
p’s < .03), and this difference was manifest in the nonsignificant negative correlation on
small-sample trials. On large-sample trials, repeated PPX increased correct comparison
latencies by an average of 4.28 s (SD = 2.32) and decreased accuracy by 7.76% (SD =
12.27). Unlike small-sample trials, neither of these change measures differed significantly
from those calculated using first-session data (both p’s = .93). The correlation between
accuracy and latency changes was also nonsignificant for large-sample trials following
repeated PPX administration.

Experiment 3 was conducted to assess the effects of PPX administration on rats’
discrimination of small and large reinforcer amounts. Both the first session and last four
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sessions of PPX administration reduced rats’ accurate discrimination of the reinforcer
amounts (log d). Nondrug bias (log b) in favor of reporting a small sample was reversed in
the first PPX session, although absolute levels of bias remained unaffected by PPX.
Temporal characteristics of responding such as latencies to enter the food receptacle,
durations of sample consumption, and latencies to correctly report the sample (i.e., emit a
comparison response) were generally elevated by initial and repeated PPX administration.
Of these measures, only two (small-sample consumption duration and small-sample correct
comparison latency) decreased over the course of repeated PPX dosing (i.e., showed
evidence for tolerance).

As in Experiment 2, we hypothesized that PPX-induced increases in latencies to emit a
comparison response could negatively affect discrimination accuracy. This was true of first-
session small-sample trials, which may reflect an effect of delay on discrimination accuracy,
or it may be the result of lower reinforcement rates produced by poor accuracy. The
nonsignificant correlation between changes in latencies and accuracy on large-sample trials
does not support the latter interpretation. In fact, the trend in these trials was for rats to show
greater decrements in accuracy at shorter comparison latencies (i.e. positive relation).

One plausible explanation for these differences across sample-trial types is that rather than
the relative reinforcer amounts serving as the sample stimuli, rats responded under the
stimulus control of relative reinforcer consumption durations. That is, under saline
conditions, small samples accompanied relatively shorter consumption durations than large
samples. When PPX increased consumption durations for both samples, the time spent
eating a small sample more closely approximated the time spent eating large samples during
saline sessions. As such, as more time was spent eating the small sample, the more likely
was the rat to report that it was a large sample (hence the negative correlation in the left
panel of Figure 13). Consistent with this account, in the last four sessions of repeated PPX,
consumption duration and correct comparison latencies were significantly reduced, relative
to first-session levels, in small- but not large-sample trials following repeated PPX
administration. When consumption durations returned to levels approximating those in
saline sessions this may have improved accuracy through restoration of the discriminative
stimuli that previously controlled SyMTS performance.

Regardless of the mechanism involved, the finding that PPX reduced discrimination of
different reinforcer amounts—or different reinforcer consumption durations—in the present
experiment supports the hypothesis that previous intertemporal choice studies may have
been affected by poor amount discriminations. Compared to the magnitude of the
disruptions in choice observed by Madden et al. (2010) and Koffarnus et al. (2011)—that is,
disruptions sufficient to shift choice toward indifference—the disruption of amount
discrimination in Experiment 3 was modest. Thus, impaired amount discrimination alone
cannot likely account for the disruptions in choice evident in those studies.

General Discussion

Across three experiments, putative behavioral mechanisms underlying the effects of acute
and repeated PPX on intertemporal choice were investigated in an effort to provide an
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explanation for the divergent findings of Madden et al. (2010) and Koffarnus et al. (2011).
Those findings are as follows:

1. Madden et al. (2010, Exp. 1) reported that PPX (0.1-0.3 mg/kg) increased SS
choice in a baseline condition of nondrug LLR preference (“self-control” baseline),
but not in a control condition of nondrug SSR preference (“impulsive” baseline),
suggesting that the drug did not affect choice nonspecifically (i.e., attenuate
stimulus control);

2. Koffarnus et al. (2011) and Madden et al. (2010, Exp. 2) reported that PPX (0.1,
0.18, 0.3, & 0.32 mg/kg) increased preference for the SSR primarily when the
larger reinforcer was not delayed (0-s trial block of the increasing-delay procedure)
and generally shifted preference toward indifference (50% choice) in subsequent
trial blocks, two findings suggesting that PPX attenuated aspects of stimulus
control over choice behavior.

In the present study, behavioral processes relevant to intertemporal choice were
experimentally isolated to quantify the effect of PPX on each process independently. To the
extent that the effects observed across these experiments generalize to the more complex
procedural arrangements characterizing intertemporal choice studies, the present research
may help to explain why PPX produces the divergent behavioral outcomes summarized
above.

We hypothesized that Finding 1 could have been the product of PPX-enhanced sensitivity to
LLR delays. That is, increased delay sensitivity would manifest as increased preference for
the SSR. This account was not supported by the results of Experiment 1. Instead, sensitivity
to relative reinforcer delay was diminished by acute PPX, whereas repeated PPX did not
affect sensitivity to delay. This finding suggests PPX attenuates stimulus control over choice
behavior, an account consistent with Finding 2.

Experiments 2 and 3 of the present study investigated aspects of stimulus control that may
have been disrupted by PPX. Experiment 2 revealed that PPX—nboth initially and following
repeated dosing—decreased the accuracy of rats’ discrimination of a spatial response—
reinforcer contingency. If rats are unable to discriminate the source of reinforcers (left or
right lever) then this would be expected to shift intertemporal choice toward indifference
(Finding 2). Likewise, Experiment 3 revealed that PPX modestly disrupted discrimination of
reinforcer amounts. If reinforcer amounts are discriminated imperfectly, then intertemporal
choice should be governed increasingly by differences in reinforcer delay (i.e., shifting
preference toward the SSR, Finding 1). However, this requires that delay discrimination
remains intact, an outcome not supported by the results of our Experiment 1. Given the
profile of outcomes of the present experiments, it would appear that the mechanism of
PPX’s effects on intertemporal choice is a disruption in stimulus control; that is, control by
reinforcer delays (Experiment 1), response—reinforcer contingencies (Experiment 2), and
reinforcer amount (Experiment 3).

Although our findings implicate PPX in the attenuation of aspects of stimulus control over
choice behavior, it is possible that the drug may have also affected reinforcer efficacy.
Diminishing reinforcer efficacy could explain the increased response latencies observed in
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our experiments and the often reported sedative effects of the drug (e.g., Hamidovic et al.,
2008; Johnson et al., 2011; Koffarnus et al., 2011; Madden et al., 2010). In rats, D3-
preferring dopamine agonists like PPX (e.g., 7-OH-DPAT) decrease consumption of freely
available food unless longer durations of deprivation are arranged (e.g., McQuade, Benoit,
Woods, & Seeley, 2003). To our knowledge, there are no examinations of PPX’s effects on
reinforcer efficacy but data from Experiment 3 suggest decreased reinforcer efficacy was not
a factor in our study. Here, food reinforcers were provided response-independently as
samples, and in our proxy for examining acute drug effects (i.e., first-session PPX), the drug
did not significantly increase head-entry latencies (see Figure 11). Further, while repeated
PPX did significantly increase these latencies, the average increase for both sample-trial
types was 0.50 s (SD = 0.36). That rats would continue to respond quickly relative to saline
latencies suggests that the negative effects of acute or repeated PPX on reinforcer efficacy
are minimal. This interpretation, however, does not exclude the possibility that previous
intertemporal choice studies or the other experiments in the present study were not
influenced by PPX-induced changes in reinforcer efficacy.

Across three experiments, the effects of PPX administration on choice appeared to be
mediated by impairing stimulus control. Confidence in this account should be tempered by
five limitations of the present line of research. First, the procedures used were designed to
isolate single behavioral processes; as such, the results of these experiments may not reveal
the interactions between these processes that contributed to the findings of previous
intertemporal choice studies. Second, the concurrent-chains procedure used in Experiment 1
was designed to isolate the effects of relative reinforcer delays on response allocation, but as
demonstrated in Experiment 2 was likely also influenced by negative effects of PPX on
discrimination of response—reinforcer contingencies. As such, the procedure may not have
provided a valid index of the drug effect on delay sensitivity independent of other behavioral
perturbations. Use of a SyMTS procedure with delays as sample stimuli or a temporal
bisection task (Church & Deluty, 1977) could have addressed this procedural shortcoming
and resulted in an unadulterated measure of delay discrimination. Third, rats were
significantly biased in favor of reporting a small sample under repeated saline conditions in
Experiment 3. This may have been the result of providing reinforcement of an identical
magnitude for correct reinforcer-amount discriminations. Whether this bias interacted with
the drug effect to reduce accuracy is unknown, but remains a possibility that could have
been avoided through the use of reinforcement differing qualitatively from the sample
stimuli. Fourth, the repeated PPX dose of 0.18 mg/kg was chosen for examination because
this dose produced behavioral effects in previous studies and with fewer omissions than the
highest PPX dose (0.3 mg/kg). Investigation of repeated PPX is important for its
resemblance to the regimens of clinical patients and should be parametrically examined
across a wider dose range to accurately describe its effects at both low and high doses.
Finally, Experiments 2 and 3 were conducted using the same subjects, a decision which may
have reduced baseline accuracy in the amount discrimination task that was completed after
the contingency discrimination task. Within-subject manipulations allow researchers to
reduce the number of subjects used, but may also compromise behavioral performances if
dependent measures are prone to interference from historical variables.
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In sum, the present research was conducted to identify candidate behavioral mechanisms
underlying the effects of PPX in previous nonhuman intertemporal choice studies. In light of
these efforts, however, the determinants of clinically aberrant impulsive behaviors
associated with PPX and other DA medications in human populations remain elusive.
Recent neurobiological evidence suggests that dysregulation of corticostriatal dopaminergic
circuitry may place certain individuals prescribed DA agonists at risk for development of
impulsive behavior (Ray et al., 2012). On a more molecular level, these functional
irregularities may be the product of polymorphisms of genes responsible for regulating Do
and D3 receptor subtypes (Lee, Lee, Park, Lim, Kim, Kim, & Jeon, 2009; but, see
Vallelunga, Flaibani, Formento-Dojot, Facchini, & Antonini, 2012). In these instances,
nonhuman approaches not unlike the one presented herein may be uniquely positioned to
illuminate the complex interactions between biology, pharmacology, and behavior. Future
research may expand upon our efforts through pretreatments with selective antagonists or
through the use of DA receptor knockout models to further elucidate the biobehavioral bases
of impulsivity associated with drug administration.
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Fig. 2.

Individual-subject and group delay sensitivity and bias estimates from the best-fitting linear

regressions of response allocation from the first four and last four sessions of repeated saline
(open symbols) and PPX (closed symbols) assessments of Experiment 1. SAL = saline. PPX
= pramipexole (0.18 mg/kg). Error bars represent +SEM.
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Individual-subject and group mean latency from the acute PPX assessment of Experiment 1.
SAL =saline. Error bars represent +SEM.
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Fig. 4.

Individual-subject and group mean latency from the first and last four sessions of each delay
condition of the repeated saline (open symbols) and PPX (closed symbols) assessments of
Experiment 1. SAL = saline. PPX = pramipexole (0.18 mg/kg). Error bars represent +SEM.
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Individual-subject and group mean bout length (responses per changeover) from each delay
condition in the acute (open symbols) and repeated (closed symbols) PPX assessments of

Experiment 1. SAL = saline. Error bars represent £SEM.
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Fig. 6.

Individual-subject and group mean local response rate (responses per minute; expressed as

percent saline rate) in initial links corresponding to 3 s (closed symbols) and 12 s (open
symbols) terminal-link delays as a function of local response rate in saline sessions in the
acute (solid lines) and repeated (dashed lines) PPX assessments in Experiment 1. The

horizontal dashed lines indicate no change from saline performance. Log-log axes are scaled

differently to optimize presentation for each subject. REP = repeated PPX assessment.
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Fig. 7.
Individual-subject accuracy (log d) and bias (log b) estimates from the first session (left

segment of x-axis) and first and last four sessions (right segment of x-axis) of the repeated
saline (open symbols) and PPX (closed symbols) assessments in Experiment 2. SAL =
saline. PPX = pramipexole (0.18 mg/kg).
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Fig. 8.

Individual-subject mean sample and comparison latencies from the first session (left
segment of x-axis) and first and last four sessions (right segment of x-axis) of the repeated
saline (open symbols) and PPX (closed symbols) assessments in Experiment 2. SAL =
saline. PPX = pramipexole (0.18 mg/kg). Error bars represent £SEM.
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Fig. 9.

Correlations between changes in percent correct and changes in comparison latencies in the
first session (open symbols) and last four sessions (closed symbols) of PPX administration
in Experiment 2. The dashed horizontal line indicates no change from saline performance.

Statistical outcomes are inset.
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Fig. 10.
Individual-subject accuracy (log d) and bias (log b) estimates from the first session (left

segment of x-axis) and first and last four sessions (right segment of x-axis) of the repeated
saline (open symbols) and PPX (closed symbols) assessments in Experiment 3. SAL =
saline. PPX = pramipexole (0.18 mg/kg).
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Fig. 11.

Individual-subject mean sample latencies from small- and large-sample trials in the first
session (left segment of x-axis) and first and last four sessions (right segment of x-axis) of
the repeated saline (open symbols) and PPX (closed symbols) assessments in Experiment 3.
SAL = saline. PPX = pramipexole (0.18 mg/kg). Error bars represent +SEM.
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Individual-subject mean comparison latencies from small- and large-sample trials in the first
session (left segment of x-axis) and first and last four sessions (right segment of x-axis) of

the repeated saline (open symbols) and PPX (closed symbols) assessments in Experiment 3.
SAL = saline. PPX = pramipexole (0.18 mg/kg). Error bars represent +SEM.
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Fig. 13.
Correlations between changes in percent correct and changes in comparison latencies for

small- and large-sample trials in the first session (open symbols) and last four sessions
(closed symbols) of PPX administration in Experiment 3. The dashed horizontal lines
indicate no change from saline performance. Statistical outcomes are inset.
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