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Abstract
Naturally occurring impulsive choice has been found to positively predict alcohol consumption in
rats. However, the extent to which experimental manipulation of impulsive choice may modify
alcohol consumption remains unclear. In the present study, we sought to: (a) train low levels of
impulsive choice in rats using early, prolonged exposure to reward delay, and (b) determine the
effects of this manipulation on subsequent alcohol consumption. During a prolonged training
regimen, three groups of male, adolescent Long-Evans rats (21-22 days old at intake) responded
on a single lever for food rewards delivered after either a progressively increasing delay, a fixed
delay, or no delay. Post-tests of impulsive choice were conducted, as was an evaluation of alcohol
consumption using a limited-access, two-bottle test. Following delay-exposure training, both
groups of delay-exposed rats made significantly fewer impulsive choices than did rats in the no-
delay group. In addition, fixed-delay rats consumed significantly more alcohol during daily, 30-
min sessions than no-delay rats. Possible mechanisms of these effects are discussed, as is the
significance of these findings to nonhuman models of addiction.
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Impulsivity comprises an array of potentially discrete behavioral forms, including motor
disinhibition, inattention, excessive risk-taking, and deficits in intertemporal decision-
making (Bickel, Jarmolowicz, Mueller, Gatchalian, & McClure, 2012). The latter form
describes a preference for smaller, sooner over larger, later rewards. This form of
impulsivity involves an explicit choice between reward alternatives and is often referred to
as impulsive choice to distinguish it from other forms of impulsivity.

In humans, a growing research literature reveals that greater impulsive choice in laboratory
tasks is strongly associated with drug abuse and dependence (for meta-analysis, see
MacKillop et al., 2011). This relation remains robust across many drugs of abuse, including
alcohol (e.g., Vuchinich & Simpson, 1998), opioid drugs (e.g., Madden, Petry, Badger, &
Bickel, 1997), cocaine (e.g., Coffey, Gudleski, Saladin, & Brady, 2003), methamphetamine
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(e.g., Hoffman et al., 2006), and nicotine (e.g., Reynolds, Richards, Horn, & Karraker,
2004).

One possible account of this relation is that impulsivity plays an etiological role in drug
abuse and dependence (for reviews, see Perry & Carroll, 2008; Stein & Madden, in press).
That is, individuals who disproportionately value reward immediacy over reward magnitude
may be more motivated by immediate drug effects than the temporally distant (but
objectively more valuable) benefits of abstinence (e.g., social, occupational, or financial
rewards). Provisional support for this hypothesis comes from longitudinal studies in which
impulsive choice in varying screening tasks in childhood precedes and predicts the
subsequent adoption of cigarette smoking (Audrain-McGovern et al., 2009) or cocaine use
(Ayduk et al., 2000).

More evidence that impulsive choice precedes drug abuse and dependence comes from
nonhuman laboratory models in which a sample of adult rats is screened on an impulsive-
choice task, divided into sample-dependent quantiles, and subsequently assessed under
various drug self-administration (SA) tasks (for review, see Stein & Madden, in press). Most
relevant to the present study, Poulos, Le, and Parker (1995) first reported that degree of
impulsive choice in rats positively predicted consumption of a 12% (wt/vol) alcohol solution
in a two-bottle test (Richter & Campbell, 1940). Greater impulsive choice in rats has also
been shown to predict greater drug intake during many discrete SA phases, including
acquisition and escalation of cocaine SA (Anker, Perry, Gliddon, & Carroll, 2009; Perry,
Larson, German, Madden, & Carroll, 2005; Perry, Nelson, & Carroll, 2008) and cue- and
drug-induced reinstatement of cocaine and nicotine SA (Broos, Diergaarde, Schoffelmeer,
Pattij, & de Vries, 2012; Diergaarde et al., 2008; Perry, Nelson, & Carroll, 2008).

Despite the apparent predictive validity of impulsive choice in these nonhuman models, a
direct etiological role of impulsive choice in drug SA has not been established because these
two variables could co-vary with a third—and ultimately causal—variable. Stronger
statements might be made if impulsive choice could be experimentally manipulated before
nonhumans were given drug SA opportunities. If experimental reduction of impulsive
choice reduces drug SA relative to subjects not exposed to this manipulation, then a direct
etiological role of impulsive choice in drug SA would be further supported. By extension,
this finding would suggest that therapies designed to reduce impulsivity might also reduce
drug abuse and dependence in humans. However, if experimental reduction of impulsive
choice does not result in reduced drug SA, then the predictive relation between these
variables more likely owes to an as yet unknown third variable.

In the present study, we examined: (a) a behavioral method of training low levels of
impulsive choice in rats, and (b) concomitant effects of this manipulation on alcohol SA.
Two experimental groups of adolescent rats were first trained to respond (on a single lever)
for delayed food pellets, and subsequently completed 120 training sessions (spanning into
mid-adulthood) in which lever pressing initiated either a progressively increasing delay or a
fixed delay to food pellets. Following this training, we compared impulsive choice and
alcohol consumption in these two delay-exposed groups to a group that responded for
immediate pellets throughout training.

Methods
Subjects

Subjects were 44 experimentally naïve, male Long-Evans rats (Harlan Sprague-Dawley,
Indianapolis, IN). Rats were of post-natal days (PNDs) 21-22 at intake and were housed
individually in polycarbonate cages in a temperature- and humidity-controlled room on a 12-
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hr light/dark cycle (lights on at 7:00 am) throughout the experiment. Water was available
continuously in the home cage. Following three days of ad-libitum food access, rats were
weighed daily and food-restricted to the strain's average, age-adjusted 85% free-feeding
weight (calculated from the vendor-supplied growth curve). Rats were randomly assigned to
either no-delay (ND; n = 14), fixed-delay (FD; n = 14), or progressive-delay (PD; n = 16)
groups. More rats were intentionally assigned to the PD group to accommodate potential
increased between-subject variability in this group's dependent measures as a result of
variability in terminal training delays. Food restriction continued throughout all
experimental phases, with the exception of the alcohol SA test (see below) in which all rats
received ad-libitum food access in their home cages. After alcohol SA, 85% free-feeding
weights were recalculated for individual rats using mean body weight over the last three
days of a post-alcohol period. In all phases described below, rats completed sessions 7 days
per week between the hours of 7:00 am and 1:00 pm, with individual rats completing
sessions at the same time each day (time of day counterbalanced across groups).

Apparatus
Twelve identical operant conditioning chambers were used (24.1 × 30.5 × 21 cm; Med
Associates, St. Albans, VT). Each was equipped with a white-noise speaker and housed
within a sound-attenuating cubicle. Centered on the rear wall and 6.5 cm above the grid
floor was a retractable response lever. Identical left and right levers were positioned at the
same height on the front wall; above each was a 28-V DC cue light. A pellet feeder
(Coulbourn Instruments, Allentown, PA), equipped with an infrared pellet detector
(Pinkston, Ratzlaff, Madden, & Fowler, 2008), delivered grain-based pellets (45 mg; Bio-
Serv, Frenchtown, NJ) into a receptacle between the levers.

Twelve identical polycarbonate home cages were used in the alcohol SA test. Cages were
equipped with two glass drinking tubes (Dyets, Inc., Bethlehem, PA), each affixed to the left
and right walls on one end of the cage. Drinking tubes were positioned above small,
glassware bowls (Pyrex; World Kitchen, LLC, Rosemont, IL) to contain potential leakage.
The room was equipped with a white-noise speaker and illuminated by a 40W red light.

Procedures
Figure 1 depicts the order and duration of all experimental conditions described below.

Rear-lever training (Approximate PNDs 25-29)—An autoshaping procedure was used
to establish rear-lever pressing. For ND rats, the intertrial interval (ITI) was 55 s (during
which all levers were retracted and cue lights extinguished), followed by 5 s of concurrent
rear-lever insertion and rear cue-light illumination. Following this 5-s period, the cue light
was extinguished, the lever was retracted, and two food pellets were delivered immediately
to the receptacle; however, the rat could earn the reward at any time during this period with
a single lever press.

These parameters provided a ratio of ITI to trial duration (I:T) of 11:1. In contrast,
autoshaping with PD and FD rats involved delayed rewards. Following a 247.5-s ITI, the
rear-lever and cue light were activated. After 5 s or a single lever press, the rear lever
retracted but its cue light remained illuminated for 17.5 s prior to reward delivery (an I:T
ratio of 11:1, equated across groups to increase the probability that lever training would be
completed in a comparable number of sessions; Gibbon, Baldock, Locurto, Gold, & Terrace,
1977). Training continued until individual rats pressed the lever to earn ≥ 90% of the
scheduled rewards for two consecutive sessions.
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Delay-exposure training (Approximate PNDs 30-149)—The next 120 sessions were
composed of 80 trials, each 60 s in duration. Trials began when the rear lever was inserted
into the chamber and its cue light was illuminated. A single lever press retracted the lever
and initiated a delay to the delivery of two food pellets. The cue light remained on
throughout the delay. If the lever was not pressed within 20 s of trial onset, the trial was
terminated (lever retracted and cue light extinguished for the remainder of the trial) and was
scored as an omission. Following pellet delivery (or omissions), no stimuli were presented
until the beginning of the next trial.

For the rats assigned to the FD and ND groups, the delays to food were, respectively, 17.5 s
and 0.01 s (henceforth referred to as 0 s). The delay for PD rats was initially 17.5 s and was
gradually increased based on performance. Specifically, at every 4th trial, the computer
queried a moving window of the last 120 trials. If the mean response latency across these
trials was less than 4 s and fewer than 12 omissions had occurred, the delay was increased
by 0.057%. This schedule of delay adjustments allowed for a maximum terminal delay of
68.36 s over the course of 120 sessions. Beginning with session 100, trial duration was
increased to 80 s for all rats to accommodate the adjusted delays of the PD group.

Impulsive-choice test (Approximate PNDs 150-175)—In the next several sessions,
in order to train responding on the side levers, the left or right levers on the front wall of the
chamber were presented individually in random order with the constraint that each was
presented 40 times per session. Pressing the lever once led to two pellets delivered after the
terminal delay from the delay-exposure training phase. Once consistent side-lever pressing
was trained (≥ 90% of trials completed for two consecutive sessions), several choice-training
sessions were conducted in which both levers were inserted at the beginning of each trial.
The purpose of these sessions was to ensure sensitivity to differences in reward amount.
Thus, pressing one lever led to one pellet and pressing the other led to three pellets
(assignment counterbalanced within each group). The delays to both rewards were identical
and were unchanged from the terminal delay-exposure training phase. These sessions
continued until each rat chose the larger reward on ≥ 90% of the trials, and made no more
than five omissions, for two consecutive sessions.

Next, impulsive choice was assessed in 20 sessions using a within-session, increasing-delay
procedure (Evenden & Ryan, 1996). Sessions were composed of two 20-trial blocks with a
7-min inter-block blackout period. The first six trials in each block were forced-exposure
trials in which only one lever and its associated cue light were presented (order determined
randomly every two trials). The remaining 14 trials in a block were choice trials, in which
both levers were presented. Trials began with the insertion of the rear lever and the
illumination of its associated cue light. Following a single rear-lever response, the rear lever
was retracted and its cue light was extinguished. One or both side levers (depending on trial
type) on the opposite wall were then inserted into the chamber and their associated cue lights
were illuminated. Retaining the lever assignments from choice-training sessions, pressing
one lever led to one food pellet and the other led to three pellets. In the first trial block, the
delay to both rewards was 0 s. In the second trial block, the delay to the larger reward was
increased to 15 s (cue light on during the delay). An ITI ensured that trials began every 80 s
regardless of the reward chosen. As in previous phases, a 20-s omission criterion was used.

Two sessions in which the delay to both rewards remained at 0 s across both trial blocks
(Evenden & Ryan, 1996) were pseudorandomly interspersed among those of the impulsive-
choice test. These no-delay sessions were otherwise identical to those described above, but
were not programmed over the final six sessions analyzed.
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Initiation of ad-libitum food access (Approximate PNDs 176-182)—Upon
completion of the impulsive-choice test, rats were provided with ad-libitum food and water
access in the home cage for 7 days prior to, and throughout, the alcohol SA test.

Alcohol SA test (Approximate PNDs 183-230)—Alcohol SA procedures closely
followed those used by Poulos et al. (1995). Rats were weighed prior to each session and
placed in prepared cages for 30 min. The cages were equipped with glass drinking tubes, one
containing deionized water and the other an alcohol solution. The left or right position of the
solution within the polycarbonate cage alternated strictly across sessions. Following each
session, the weights of the remaining alcohol solution and water (plus leakage, if present)
were recorded.

Four alcohol concentrations (3%, 6%, 12%, and 24% wt/vol) were assessed in ascending
order: 8 days at the 3% concentration and 10 days each at the 6%, 12%, and 24%
concentrations.

Continuation/termination of ad-libitum food access (Approximate PNDs
231-241)—After completion of the alcohol SA test, rats continued to receive ad-libitum
food and water access in their home cages for 11 days prior to the reinstatement of food
restriction.

Impulsive-choice retest (Approximate PNDs 242-261)—When rats returned to 85%
of post-alcohol free-feeding weights, the impulsive-choice retest was conducted using the
same parameters as in the initial test of impulsive choice.

Statistical analysis—All statistical tests were conducted using SPSS (ver. 19.0, SPSS
Inc., Chicago, IL). In all analyses, an alpha level of .05 was considered statistically
significant. All pairwise comparisons were examined using Bonferroni correction. Unless
otherwise noted, data obtained in the last six sessions of each condition were analyzed.

Separate one-way ANOVAs were used to evaluate between-group differences in the
following behavioral outcomes: (a) number of sessions required to acquire rear- and side-
lever pressing, (b) the number of sessions required to demonstrate ≥ 90% choice of the
larger number of pellets (in choice-training sessions), and (c) mean response latencies and
omissions at the conclusion of delay-exposure training.

In the impulsive-choice test and retest, dependent measures were percent large-reward
choice in the first and second trial blocks (0-s and 15-s delays, respectively). In the alcohol
SA test, dependent measures were mean consumption of alcohol (g/kg) and water (mL/kg),
as well as mean body weight (g), at each alcohol concentration. Dependent measures in the
impulsive-choice and alcohol SA tests were non-normally distributed (positive skew) and
were not amenable to transformation. Group differences in each of the measures above were
therefore examined using separate generalized estimating equation (GEE) models, a
generalized regression technique that allows analysis of correlated repeated measures, but
makes fewer parametric assumptions than do traditional methods (for overview, see
Ballinger, 2004).

In each GEE model, main effects of group and the relevant within-subjects variable (e.g.,
test type in the impulsive-choice model, alcohol concentration in the alcohol SA model)
were included, as well as group x within-subject variable interactions. GEE models were
implemented using first-order auto-regressive working correlation matrices. In the
impulsive-choice GEE model, mean alcohol consumption (collapsed across concentration)
was included as a covariate to examine the possibility that alcohol exposure influenced
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impulsive choice between test and retest. In the alcohol SA GEE model, mean body weight
at each concentration was included as a covariate to examine the possibility that between-
group differences in alcohol consumption were mediated by differing metabolic or
motivational processes (e.g., calorie seeking) between groups unrelated to the value of drug
reward.

Results
As shown in Table 1, acquisition of rear-lever pressing was undifferentiated between
groups, F(2, 41) = 1.54, p > .05. At the conclusion of 120 days of delay-exposure training,
the mean adjusted delay for the PD group was 44.82 s (±1.66; range: 34.13 - 57.60 s). A
significant main effect of group, F(2, 41) = 3.86, p < .05, was detected on rear-lever
response latencies (see Table 2); however, pairwise comparisons revealed no significant
differences between groups (p > .05, in all cases). Table 2 also shows a significant main
effect of group on response omissions, F(2, 41) = 52.15, p < .0001, with PD rats omitting
more trials than FD or ND rats (p < .001, in both cases).

Prior to the impulsive-choice test, a main effect of group, F(2, 41) > 6.08, p < .01, was
detected in the number of sessions required to acquire side-lever pressing (see Table 1), with
PD rats requiring about 1.5 more sessions than FD or ND rats (p < .01). Likewise, PD rats
required more sessions than the FD or ND groups to demonstrate ≥ 90% preference for the
larger reward just prior to the impulsive-choice test (p < .01; see Table 1).

Impulsive-choice Test
In the first trial block, when neither reward was delayed, there was no significant main effect
of group on percent large-reward choice in either the test, Wald χ2 = 3.05; p = .22 (left
panel of Figure 2), or retest, Wald χ2 = 0.20; p = .63 (right panel of Figure 2); thus, all
groups were equally able to discriminate reward amounts (one vs. three pellets) in the
absence of delay. For this reason, choice in the first trial block was excluded from all
subsequent analyses.

The effects of delay-exposure training were evident in the second trial block (15-s delay) in
the initial impulsive-choice test (left panel of Figure 2), with pairwise comparisons in the
GEE model indicating that both PD and FD rats made fewer impulsive choices than ND rats
(p = .003, in both cases).

Alcohol SA Test
The top, middle, and bottom panels of Figure 3 depict, respectively, mean alcohol
consumption (g/kg), water consumption (mL/kg), and body weight (g) collapsed across all
sessions at each concentration in the alcohol SA test. Significant main effects of group,
Wald χ2 = 8.43; p = .02, and concentration, Wald χ2 = 48.75; p < .001, on alcohol
consumption were detected, as was a group × concentration interaction, Wald χ2 = 13.84; p
= .03. No effect of body weight on alcohol consumption was observed, Wald χ2 = .01; p = .
94.

Collapsed across concentration, pairwise comparisons indicated that FD rats consumed more
alcohol than ND rats (p = .02), but no other overall between-group differences were
significant (PD/ND difference: p = .09). Pairwise comparisons at individual concentrations
revealed greater alcohol consumption in FD rats at 12% wt/vol alcohol compared to ND rats
(p = .02), but FD/ND differences at other concentrations were not significant (p > .15, in all
cases). No other pairwise comparisons were statistically significant at any concentration
(PD/ND difference at 12% and 24% wt/vol alcohol: p = .14 and .07, respectively).
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No significant main effects of group were detected in either water consumption or body
weight, Wald χ2 < 2.51; p > .29 in both cases, and the group × concentration interactions
were not significant, Wald χ2 < 8.05; p > .23 in both cases. However, a main effect of
concentration was detected on water consumption, Wald χ2 = 9.15; p = .03, and body
weight, Wald χ2 = 665.60; p = < .001. No significant between-group differences were
observed in pairwise comparisons of either dependent measure either when collapsed across
concentration (p > .51, in all cases) or at individual concentrations (p > .95, in all cases).

Impulsive-choice Retest
The right panel of Figure 2 depicts percent large-reward choice in the impulsive-choice
retest. Pairwise comparisons in a GEE model revealed no between-group differences in
large-reward choice in the retest at the second trial block (p > .15, in all cases).

Across the test and retest of impulsive choice (second trial block only), a GEE model
revealed significant main effects of group, Wald χ2 = 8.48; p = .02, and test type, Wald χ2

= 4.97; p = .03, on percent large-reward choice, and a group x test type interaction, Wald χ2

= 7.83; p = .02. The latter reflects a significant decline in large-reward choice in the PD
group (p = .04) relative to the other groups (p > .25, in both cases). Finally, although the
analysis was not specific to PD rats (the only group in which a significant difference was
observed in impulsive choice between test and retest), alcohol consumption in the
intervening alcohol SA test was a trend-level predictor of change in percent large-reward
choice, Wald χ2 = 3.63; p = .06.

Discussion
The present study demonstrates that early and prolonged exposure to reward delay decreases
impulsive choice in rats. In the initial test of impulsive choice, rats in both experimental
groups (FD & PD) made significantly fewer impulsive choices than did ND rats. Thus, the
present findings extend a relatively small literature on training variables known to impact
impulsive choice in nonhuman animals (Logue, Rodriguez, Peña-Correal, & Mauro, 1984;
Mazur & Logue, 1978). The present methodology is most similar to that reported by
Eisenberger, Masterson, and Lowman (1982), who exposed adult rats to progressively
increasing intervals between response-independent food pellets (0-78 s) across 24 training
sessions. In a subsequent test, rats exposed to these increasing inter-pellet intervals made
significantly fewer impulsive choices than did rats exposed to shorter intervals (5 s).
Although the effect observed by Eisenberger et al. in their impulsive-choice test (i.e.,
approximately 38% vs. 18% large-reward choice, across groups) was relatively smaller than
that in the present study, any number of methodological differences (e.g., duration of the
training regimen, age of rats during training, or the use of response-independent vs.
dependent food delivery) prohibit direct, quantitative comparison between studies.

While the effects of delay-exposure training on impulsive-choice were largely expected, its
effects on alcohol consumption were not. In humans, accumulating evidence demonstrates
that greater impulsive choice is strongly associated with alcohol abuse and dependence (e.g.,
Petry et al., 2001; Vuchinich & Simpson, 1998). In rats, Poulos et al. (1995) reported that
impulsive choice positively predicted subsequent alcohol consumption in a two-bottle test
almost identical to the one used here. Likewise, selectively bred, alcohol-preferring rat and
mouse lines make more impulsive choices do non-alcohol-preferring comparison lines
(Oberlin & Grahame, 2009; Wilhelm & Mitchell, 2008). Thus, in the absence of
experimental manipulation, greater impulsive choice in rats appears strongly related to
greater alcohol consumption. However, in the present study, when impulsive choice was
experimentally manipulated, rats in the FD group consumed more alcohol than did ND rats;

Stein et al. Page 7

Exp Clin Psychopharmacol. Author manuscript; available in PMC 2013 June 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the difference between PD and ND rats only approached significance (p = .09 overall, and .
07 at the 24% concentration).

The finding that PD rats (exposed to substantially longer delays than FD rats) were
undifferentiated from ND rats in alcohol consumption, whereas FD rats were, is itself a
matter of interest. Inclusion of PD training was intended as a parametric manipulation of
delay exposure, and was thus hypothesized to produce behavioral effects greater than those
observed in FD rats. However, that PD rats made significantly more response omissions
during delay-exposure training and required significantly more sessions to acquire delayed
side-lever pressing than FD rats suggests that the continuous challenge of progressively
increasing delays may have obstructed the effects of delay-exposure training on alcohol
consumption.

Although the finding that FD rats consumed significantly more alcohol than ND rats was
unexpected, a recent study conducted by Broos et al. (2012; Experiment 2) reports a
qualitatively consistent outcome. Broos et al. used an acute dose of methylphenidate (1.0
mg/kg ip) to significantly decrease impulsive choice in rats and reported a concomitant
increase in cue-induced reinstatement of cocaine seeking. Conversely, increases in
impulsive choice following acute doses of SCH-23390 (0.01 mg/kg sc) were accompanied
by decreases in cue-induced cocaine reinstatement relative to saline. Broos et al.'s findings,
however, should be interpreted with caution if one considers potential neuropharmacological
interaction between experimenter- and self-administered drugs. For instance, in humans,
both methylphenidate and cocaine produce similar physiological and subjective drug effects,
and cannot be differentiated in a drug-discrimination task (Rush & Baker, 2001). In rats,
Schenk and Partridge (1999) reported that a priming dose of methylphenidate produced
reinstatement of cocaine SA. Thus, the increases in cocaine reinstatement observed by Broos
et al. may have simply been primed by methylphenidate—a possibility that would have
nothing to do with impulsive choice. Likewise, the reduction of cocaine SA reinstatement
following SCH-23390 may have been a product of this drug's motor-suppressing effects at
doses similar or equal to the one used by Broos et al. (e.g., 0.01 mg/kg, Hoffman &
Beninger, 1985; 0.17 mg/kg, Morelli & Di Chiara, 1985).

A similar interpretational problem may be found in a study by Oberlin, Bristow, Heighton,
and Grahame (2010), who reported that reduction of impulsive choice in high-alcohol-
preferring (HAP) mice following an acute dose of amphetamine (1.2 mg/kg) was not
accompanied by concomitant changes in alcohol consumption in a two-bottle test. However,
in light of the present study's counterintuitive effects of experimentally-reduced impulsive
choice on alcohol consumption, an alternative explanation for Oberlin et al.'s null finding
exists. Namely, acute amphetamine has been shown to produce a dose-related decrease in
two-bottle alcohol consumption in rats (Linseman, 1990). Thus, the impact of competing
mechanisms that simultaneously increase and decrease alcohol consumption may have
washed out any significant effects of amphetamine on alcohol consumption. In light of the
considerations above, manipulation of impulsive choice via training variables (as in the
present study) may be preferred over pharmacological methods.

Future research may be designed to address the precise determinants of the effects of delay-
exposure training on alcohol consumption. Such an analysis would bear directly on the
validity of training-related SA behavior as a measure of drug seeking in nonhuman models,
as opposed to an otherwise unrelated or more general behavioral process. No between-group
differences were apparent in water consumption in the present study, suggesting that our
observed effect was not mediated, in general, by differential consummatory behavior
between groups. Further, potential differences in calorie seeking were controlled statistically
in the present study by assuming body weight as a relevant proxy measure. We also varied
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the feeding regimen between the impulsive-choice and alcohol SA tests (restriction vs. ad-
libitum access) to minimize the potential that consumption across groups would be
differentially motivated by alcohol's caloric properties—a practice common among studies
that have shown a relation between impulsive choice and alcohol SA (Oberlin & Grahame,
2009; Poulos et al., 1995; Wilhelm & Mitchell, 2008), and even when the drug examined
has no caloric properties (Diergaarde et al., 2008; Marusich & Bardo, 2009; Yates et al.,
2011; cf. Anker et al., 2009; Koffarnus & Woods, 2011; Perry et al., 2005, 2008).
Nonetheless, a more stringent experimental control may be employed in future studies. For
example, investigating consumption of an isocaloric sucrose solution in separate cohorts of
delay-exposed and delay-naïve rats would allow examination of caloric or taste variables as
alternative explanations for our findings.

As a second alternative explanation for our findings, training-related increases in alcohol
consumption may have been mediated by stress exposure. Prior to the alcohol SA test,
experimental rats had been exposed to reward delay from early adolescence through middle
adulthood (PNDs 25-150). If reward delay is a stressor, then the results of the present study
may be placed in the context of a larger experimental literature on the effects of acute and
chronic stress on drug SA (for reviews, see Koob, 2008; Piazza & LeMoal, 1998; Sinha,
Shaham, & Heilig, 2008). For example, stressors such as restraint, foot shock, and social
isolation have increased SA of multiple drugs of abuse in rats, including alcohol (Bozarth,
Murray, & Wise, 1989; Goeders & Guerin, 1994; Erb, Shaham, & Stewart, 1996; Shaham,
1993; Shaham & Stewart, 1995). This effect has been linked to several neurochemical and
neuroendocrine systems, including limbic dopamine and hypothalamic-pituitary-adrenal axis
function (e.g., Schulkin, McEwen, & Gold, 1994; Shepard, Barron, & Myers, 2000). Future
studies in this line may be designed to examine behavioral and neurobiological indicators of
stress in delay-exposed rats, such as exploratory behavior in an open-field maze or the
stress-related steroid corticosterone. However, we note that no work to our knowledge has
identified delay as an explicit source of stress in rats. Further, why delay-exposed rats
wouldn't have actively avoided this putative stressor throughout impulsive-choice testing, by
choosing the immediate reward, remains a paradox.

As a final alternative explanation for our results, training-related increases in alcohol
consumption may have been mediated by the relatively slow pharmacokinetic profile of oral
alcohol. Onset of drug action varies directly as a function of route of administration (Fowler
et al., 2008; Parasrampuria et al., 2007; Volkow et al., 2000). Absorption of orally ingested
alcohol in rats sufficient to produce pharmacologically active blood alcohol concentrations
requires significant delays (e.g., Livy, Parnell, & West, 2003; Spirduso, Mayfield, Grant, &
Schallert, 1989). Thus, prior experience in detecting and exploiting contingent relations
between responding and delayed rewards may have better prepared rats to detect and exploit
the contingent relation between alcohol consumption and its delayed pharmacological
effects.

A few potential limitations of the present study deserve comment. First, impulsive choice
was assessed at only one non-zero delay. The purpose of this was to minimize testing-related
exposure to delay—our putative independent variable—in ND rats. However, the use of
only one non-zero delay may have limited our ability to detect parametric differences in
impulsive choice between PD and FD rats—differences that may have emerged had longer
delays to the larger reward been explored.

Second, we used only male rats, thus preventing identification of potential sex differences in
our dependent variables. Examinations of the relation between naturally occurring impulsive
choice and nonhuman drug SA have predominantly been conducted with male rats (e.g.,
Broos et al., 2012; Diergaarde et al., 2008; Koffarnus & Woods, 2011; Marusich & Bardo,
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2009; Poulos et al., 1995), presumably to avoid any uncontrolled effect of estrous cycle.
While there are known sex differences in absolute levels of drug SA (for review, see Lynch,
2006), we note that the relation between impulsive choice and drug SA appears the same as
that observed in males when female rats have been examined (Anker et al., 2009; Oberlin &
Grahame, 2009; Perry et al., 2005, 2008). Nonetheless, the literature would benefit from
systematic investigation of potential sex differences as they may uniquely pertain to the
effects of delay-exposure training.

Third, in confounding the passage of time with alcohol exposure, the generality of the
effects of delay-exposure on impulsive choice across time are difficult to interpret. In the
impulsive-choice retest (approximately 65 days following the initial test), we observed no
significant differences between delay-exposed and ND rats. In addition, PD rats made
significantly more impulsive choices in the retest compared to the initial test. However,
whether these findings were due to the passage of time, or to differential alcohol exposure
between groups, is unanswerable from the experimental design used. Thus, we defer firm
conclusions regarding the effects of alcohol on impulsive choice (e.g., Evenden & Ryan,
1999; Olmstead, Hellemans, & Paine, 2006; Poulos, Parker, & Le, 1998), or the effects of
delay exposure on impulsive choice across time, to studies designed explicitly to test such
relations.

Fourth, prior literature documents anxiogenic effects and neurobiological deficits in
adolescent and adult rats exposed to chronic and severe food restriction (e.g., 50-60% ad-
libitum food intake; Gur, Newman, Avraham, Dremencov, & Berry, 2003; Huether, Zhou,
Schmidt, Wiltfang, & Rüther, 1997; Jahng et al., 2007). Rats in the present experiment were
subjected to food restriction from early adolescence to middle adulthood (PNDs 25-175) in
order to encourage operant responding. However, we believe it is unlikely that our use of
food restriction substantially impacted our findings, as the level of restriction in the present
study was much milder (approximately 85% of ad-libitum food intake) than has been widely
found to produce behavioral and neurochemical abnormalities in the studies cited above.
Relatively little research has been designed to examine such neurobehavioral effects as a
result of the mild food restriction employed in the study of operant food responding (cf.
Carr, Tsimberg, Berman, & Yamamoto, 2003). Further, the use of adolescent food
restriction in the present study was a variable held constant across all groups, and thus did
not likely pose a threat to internal validity.

As a final limitation, delay exposure in the present study was a composite variable
consisting of both delayed-reward autoshaping and a prolonged, 120-day training regimen.
In addition, training began during adolescence (a period of highly plastic responsiveness to
experimental variables; Chapillon, Patin, Roy, Vincent, & Caston, 2002) to increase the
likelihood that delay exposure would produce stable, trait-like patterns of behavior in
adulthood. The primary goal of this multi-faceted approach was to create distinct groups of
varying levels of impulsivity to explore related group differences in alcohol SA. The extent
to which any variable in the delay-exposure regimen weighed independently on our
observed effects cannot be resolved from the experimental design used. However, future
studies may be designed to isolate these variables, or parametrically manipulate the duration
of the training regimen, to determine their effects on impulsive choice and alcohol
consumption.

In conclusion, the present data suggest that the relation between impulsive choice and
alcohol SA is not a straightforward one—experimentally reducing impulsive choice did not
decrease alcohol consumption in rats; to the contrary, it appears to have increased it. Thus,
the present data do not accord with previous findings suggesting that impulsive choice
precedes and predicts drug SA in rats (e.g., Diergaarde et al., 2008; Perry et al., 2005, 2008;
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Koffarnus & Woods, 2011; Poulos et al., 1995). Nonetheless, further investigation will be
required to determine the generality of the present findings across other nonhuman drug SA
models (e.g., iv cocaine SA), in which many of the variables reviewed above (e.g., oral
alcohol's slow pharmacokinetic profile or caloric properties) would not play a role. Whether
these future investigations yield findings similar, or opposite, to those of the present study
might yield further evidence for, or against, respectively, a direct causal relation between
impulsive choice and drug SA.
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Figure 1.
Depiction of experimental conditions across postnatal days (PNDs). See text for details.
*Duration of initial impulsive-choice test includes side-lever and choice training.
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Figure 2.
Percent large-reward choice across trial blocks in the impulsive-choice test (left panel) and
retest (right panel). ≡ and ‡ indicate, respectively, PD/ND and FD/ND differences (p < .01,
in both cases). Error bars represent SEM.
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Figure 3.
Mean consumption of alcohol (top panel) and water (middle panel) at each alcohol
concentration. Also depicted is mean body weight at each alcohol concentration (bottom
panel). # indicates FD/ND difference (p < .05), when data were collapsed across
concentration. † indicates FD/ND difference at individual concentrations (p < .05). Data
points have been displaced slightly on the x-axes, for clarity. Error bars represent SEM.
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Table 1

Mean number of sessions required to meet the acquisition criteria during rear-lever, side-lever, and choice
training for all groups (±SEM).

Group

Training Phase PD FD ND

Rear lever 4.19 (0.44) 5.14 (0.50) 5.29 (0.54)

Side levers
4.00 (0.40)

Ω≡ 2.57 (0.17) 2.29 (0.16)

Choice
5.69 (0.51)

Ω≡ 4.10 (0.46) 3.50 (0.40)

Ω
indicate PD/FD and PD/ND differences, respectively, in pairwise comparisons (p < .01).

≡
indicate PD/FD and PD/ND differences, respectively, in pairwise comparisons (p < .01).
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Table 2

Mean rear-lever response latencies and omissions per session over the last six delay-exposure training sessions
for all groups (±SEM).

Group

Dependent measure PD FD ND

Response latencies (s) 1.96 (0.24) 1.26 (0.19) 1.25 (0.19)

Omissions
3.28 (0.30)

Ω≡ 0.69 (0.14) 0.58 (0.12)

Ω
indicate PD/FD and PD/ND differences, respectively, in pairwise comparisons (p < .01).

≡
indicate PD/FD and PD/ND differences, respectively, in pairwise comparisons (p < .01).
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