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Abstract
Behavioral-economic studies have shown that differences between lean and obese Zuckers in food
consumption depend on the response requirement for food. Since a response requirement
inherently increases the delay to reinforcement, differences in sensitivity to delay may also be a
relevant mechanism of food consumption in the obese Zucker rat. Furthermore, the
endocannabinoid neurotransmitter system has been implicated in impulsivity, but studies that
attempt to characterize the effects of cannabinoid drugs (e.g., rimonabant) on impulsive choice
may be limited by floor effects. The present study aimed to characterize impulsive-choice patterns
for sucrose using an adjusting-delay procedure in genetically lean and obese Zuckers. Ten lean
and ten obese Zucker rats chose between one lever that resulted in one pellet after a standard delay
(either 1 s or 5 s) and a second lever that resulted in two or three pellets after an adjusting delay.
After behavior stabilized under baseline, rimonabant (0–10 mg/kg) was administered prior to some
choice sessions in the two-pellet condition. Under baseline, obese Zuckers made more impulsive
choices than leans in three of the four standard-delay/pellet conditions. Additionally, in the 2-
pellet condition, rimonabant increased impulsive choice in lean rats in the 1-s standard-delay
condition; however, rimonabant decreased impulsive choice in obese rats in the 1-s and 5-s
standard-delay conditions. These data suggest that genetic factors that influence impulsive choice
are stronger in some choice conditions than others, and that the endocannabinoid system may be a
relevant neuromechanism.
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1. Obesity and food consumption
Obesity results from a combination of genetic and environmental factors that increase the
likelihood of overeating. One model of obesity that has been used to study the genetic and
neurochemical factors that contribute to food consumption and hyperphagia is the
genetically obese Zucker rat [1–6]. The obese Zucker carries two homozygous fa “fatty”
alleles that result in leptin insensitivity and are associated with increased levels of appetite-
stimulating signals, such as neuropeptide Y [7, 8] and endocannabinoids [9, 10]. Moreover,
obese Zucker rats have been shown to have a greater number of cannabinoid-1 receptors in
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brain regions related to feeding [11] and have shown increased sensitivity to cannabinoid
drugs [5, 12–14] compared to lean rats. In many studies, both lean and obese Zuckers are
placed in their respective homecages and allowed to free-feed where the amount of food
consumed is used as an indicator of the reinforcing value of food. It is often the case that
obese Zuckers consume more food than lean controls under free-feeding conditions [11, 15,
16] and it is then concluded that food is more reinforcing to obese rats compared to their
lean counterparts.

Food consumption in environments that vary the response requirement of food shows a
different pattern, however. Rasmussen et al. [1] found that obese Zucker rats consumed
more food pellets than lean rats when food pellets were contingent upon 1–50 lever presses,
but both obese and lean Zuckers consumed similar amounts of food when >50 lever presses
were required for food. This pattern was replicated in a second study [17] suggesting that
behavioral differences in food consumption between lean and obese Zucker rats may depend
on whether food is effortful.

2. Delay discounting, response requirements, and food consumption
Experiments that employ behavioral-economic principles (i.e., those that examine food
procurement across a range of response requirements) offer a fuller characterization of
food’s reinforcing efficacy. It should be noted, however, that an increase in a response
requirement to obtain food may inherently increase the delay to its receipt. This is apparent
when one considers the time it would take a rat to press a lever 5 times as opposed to 50
times—as the response requirement increases, so does the delay to reinforcement. Thus, the
finding that differences in food consumption between lean and obese Zuckers depend on the
response requirement [1, 17] suggests that delay to reinforcement may also be a factor in
determining choice for food, where obese Zuckers may be more sensitive to delays in some
contexts than others.

Delay discounting, which describes how preference for an outcome, such as food, decreases
as the delay to its receipt increases, is a procedure that can quantify sensitivity to delay. In
the typical delay-discounting procedure, subjects are systematically presented with choices
between a larger-later reinforcer (e.g., three food pellets delayed 15 s) and a smaller-sooner
reinforcer (e.g., one food pellet immediately). A pattern of choosing the smaller-sooner over
the larger-later reinforcer would be considered impulsive [18, 19]. Heightened sensitivity to
delay has been shown to be a relevant mechanism of obesity in humans, where obese
humans choose more immediate food- [20] and money-related outcomes [21, 22] over
larger, delayed ones compared to healthy-weight humans [23–25]. No studies to our
knowledge, however, have demonstrated that obesity in nonhumans (e.g., the obese Zucker
rat) is associated with increased impulsive choice. As lean and obese Zuckers demonstrate
both genetic and neurochemical differences that involve leptin and endocannabinoid
signaling, examining impulsive choice in this strain may lead to insights in both the genetic
and pharmacological factors involved in impulsive choice in the context of obesity.

3. Cannabinoids and delay discounting
The endocannabinoid neurotransmitter system is involved in many behavioral processes,
including those related to food consumption. In free-feed environments, blocking the
cannabinoid-1 (CB1) receptor using a CB1 antagonist and inverse agonist, such as
rimonabant, reduces food intake in both standard laboratory and Zucker rat strains [5, 26–
28]. In environments that vary in terms of response requirements for food, rimonabant (and
other CB1 antagonists) attenuates the reinforcing properties of palatable food by reducing
breakpoints under progressive ratio schedules of reinforcement [12, 29], suppressing food-
reinforced behavior [30, 31], and increasing sensitivity to response requirements (i.e.,
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elasticity of demand) for sucrose in Zucker rats [17]. Although the effects of rimonabant on
food consumption in environments with both low and high response requirements have been
characterized, the role of cannabinoids in impulsive choice is less understood.

Some studies have shown that CB1-specific drugs affect processes related to impulsivity in
rats [32–34] and humans [35]. For example, Pattij et al. [32] found that rimonabant
facilitated behavioral inhibition (another facet of impulsivity) on a 5-choice serial reaction
time task and a stop-signal task. However, in this same study, rimonabant did not change
sensitivity to delay in a procedure that examined choice between smaller-sooner versus
larger-later reinforcers. It is possible though that the effects of rimonabant in the latter task
may have been masked by a floor effect. Specifically, the delays used in the procedure
suppressed baseline preference for the larger-later reinforcer to a degree that larger-later
reinforcer choice could not decrease further (if rimonabant did indeed increase impulsive
choice). A study that uses an adjusting delay may be able to rule out this potential floor
effect.

4. The current study
The current study was designed to characterize impulsive-choice patterns in lean and obese
Zucker rats using a delay-discounting procedure that titrated the delay to the larger-later
reinforcer. Here, the delay to the larger-later reinforcer adjusts based on past choices until an
indifference point (i.e., 50% preference for the larger-later outcome) is found. Therefore, the
adjusting delay at which an indifference point is found is the dependent variable of interest,
where longer indifference points would indicate self-controlled choice and shorter
indifference points would indicate more impulsive choice. This study’s aim was to
characterize impulsive-choice patterns in lean and obese Zucker rats and to determine the
extent to which rimonabant affects these impulsive-choice patterns using the adjusting-delay
procedure.

5. Material and methods
5.1 Subjects

Male lean (n=10, Fa/Fa or Fa/fa) and obese (n=10, fa/fa) Zucker rats were obtained from
Harlan (Livermore, CA, USA) at one month of age and housed in individual clear plexiglass
cages on a 12 h light:dark cycle (lights on at 0700 h). Rats had ad libitum access to food and
water for eight weeks, after which time training sessions began. During training, rats were
deprived of food for 21 h before operant sessions to establish food as a reinforcer, and were
allowed to free-feed for 2 h after operant sessions. At the time of experimental sessions, lean
rats ranged in weight from 179.8 g to 208.5 g and obese rats from 234.3 g to 301.0 g. All
procedures were approved by the Idaho State University Institutional Animal Care and Use
Committee.

5.2 Apparatus
Seven Coulbourn® Habitest (Coulbourn Instruments, Whitehall, PA, USA) standard rat
operant chambers were used for data collection. Chambers were equipped with two levers
on the right side panel wall and were situated 5 cm from a grid floor. One or more 45-mg
sucrose pellet(s) (95% sucrose; TestDiet®, Richmond, IN, USA) were delivered to a
collection space centered between the two levers when response requirements were met.
Chambers also had a 28-V house light situated 13 cm above the collection space and 28-V
stimulus lights above each lever. White noise was generated from a speaker in the upper
right corner of the left side wall panel and a 5 cm × 5 cm fan circulated air in the upper left
corner of the left side wall panel. Each chamber was placed in a sound-attenuating cubicle
and Graphic State® software (Coulbourn Instruments, Whitehall, PA, USA) on a Windows-
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based computer controlled all reinforcement contingencies and data collection within 0.01-s
resolution. Computers and software were located in a room adjacent to the room containing
the operant chambers. Sessions were conducted from 0900 h to 1500 h Monday through
Friday at the same time every day (±15 min). The number of rats in each session was
counterbalanced across group and time of day at which they were run.

5.3 Drug
Rimonabant (National Institute of Mental Health Chemical Synthesis and Drug Supply
Program) was dissolved in a 1:1:18 solution of ethanol (Sigma), Cremaphor (Sigma), and
saline (1 mL/kg). Acute injections of rimonabant (0–10 mg/kg) were administered via i.p.
injection 1 h before experimental sessions.

5.4 Procedures
5.4.1 Lever-press training—To train lever-pressing, a rat was placed in an operant
chamber for 3 h in which single responses on either lever were reinforced by single pellets
throughout the session. When 60 reinforcers were earned from one lever within a session,
that lever was considered trained. In subsequent sessions, the trained lever was inactive (i.e.,
no pellets were delivered after a lever-press) and the opposite lever remained active until 60
reinforcers were earned from that lever within a session. When at least 60 reinforcers were
earned from both levers, a rat was considered lever-press trained. If a rat earned fewer than
60 reinforcers on either lever for more than seven sessions, lever-presses were handshaped,
or reinforced by successive approximations. Of all rats, two lean Zuckers were handshaped.

5.4.2 Adjusting-delay procedure—After training, a two-lever choice procedure was
implemented. In this procedure, a response on either lever resulted in the delivery of one or
more sucrose pellets after a specified delay. One lever, the standard-delay lever, resulted in
one sucrose pellet after a 1-s fixed delay. The opposite lever, the adjusting-delay lever,
resulted in two pellets after a delay that systematically increased or decreased by 1 s within
session (described below). In other conditions, the fixed delay was 5 s (instead of 1 s) and
the larger-later reinforcer was three pellets (instead of two). All rats were exposed to both
fixed delays and both pellet conditions, though the order was counterbalanced across
subjects. An intertrial interval (ITI) was initiated after each pellet delivery to ensure that
each choice trial would last 50 s regardless of which lever was chosen. The ITI was
calculated on a trial-to-trial basis by subtracting the delay to the pellet(s) from 50 s. A
response on a lever, the delay, the delivery of a pellet(s), and the ITI constituted one trial.
The lever (right or left) on which the standard or adjusting delay was implemented was
counterbalanced across subjects.

In an experimental session, repeating blocks of trials were arranged. A block consisted of
two forced-choice trials followed by two free-choice trials. At the start of a forced-choice
trial, the house light along with a stimulus light above a randomly (p=0.5) selected lever
(e.g., the standard-delay lever) was illuminated, which signaled that a response on that lever
resulted in one pellet after a fixed delay. When the lever was pressed, the stimulus light
above the lever extinguished, and one pellet would be delivered after a fixed delay (either 1
or 5 s). The house light then extinguished after the delivery of the pellet and the remainder
of the trial consisted of the ITI. For the duration of this first forced-choice trial, the opposite
lever was deactivated and lever presses had no programmed consequences. After the first
forced-choice trial was completed, the second forced-choice trial followed in a manner
similar to the first. That is, the stimulus light above the opposite lever (e.g., the adjusting-
delay lever) was illuminated, and a response on this lever would result in two (or three)
pellets after an adjusting delay (described below). During this second forced-choice trial, the
opposite lever was deactivated and responses had no programmed consequences. Two
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forced-choice trials were completed to ensure exposure to the contingencies associated with
each lever.

After two forced-choice trials were completed, the remainder of a block consisted of two
free-choice trials. Free-choice trials were similar in all respects to forced-choice trials except
both stimulus lights were illuminated simultaneously, and a response on either lever resulted
in delivery of the programmed pellet(s) after its respective delay. These four-trial blocks
repeated throughout an experimental session until the session ended after 60 min. On
average, lean rats completed 59 trials (SEM = 1.1) and obese rats completed 60 trials (SEM
= 1.2) per session.

5.4.3 Adjusting delay—The adjusting delay to the larger reinforcer increased or
decreased for the subsequent block of trials depending on choices made in the two free-
choice trials of a block. If the standard-delay lever was chosen in both of the two free-choice
trials of a block, the adjusting delay was decreased by 1 s in the next block of trials. If the
adjusting-delay lever was chosen in both free-choice trials, the adjusting delay was increased
by 1 s. If the adjusting-delay lever was chosen in one free-choice trial and then the standard-
delay lever was chosen in the second free-choice trial (or vice versa), the adjusting delay
remained the same for the following block of trials. At the start of a condition, the adjusting
delay began at 0 s. In subsequent sessions, the adjusting delay began at the final delay from
the last block of the previous session. The adjusting delay also was tracked across several
sessions until stability occurred. Stability was determined using a modified version of
Mazur’s [36] stability criteria. Each rat’s adjusting delay was sampled at every 10 min
interval during a 60 min session. This resulted in six data points for every session. The
average of these six adjusting delays then was computed and compared to the previous two
averages of the last two sessions. An adjusting delay was considered stable when (1) the
range of these three averages was no greater than 2 s, (2) there were no apparent trends in
adjusting delays, and (3) at least three sessions had been conducted for the condition.

After adjusting delays stabilized for the 2-pellet condition only (e.g., with the 1-s standard
delay), acute injections of rimonabant (0–10 mg/kg) were administered before some sessions
until the stability criteria were met under each dose. Sessions were not conducted between
injection days, and each dose was administered at least three times and until adjusting delays
stabilized (using the stability criteria described above). Injections were given in a
pseudorandom fashion with at least two days separating doses, though vehicle injections
separated higher doses of rimonabant (i.e., 3 and 10 mg/kg) to minimize carryover effects.
For example, two days would separate each of the following injections—3 mg/kg
rimonabant, vehicle, and 10 mg/kg rimonabant—such that at least four days would separate
3 and 10 mg/kg rimonabant injections. Table 1 shows the order of conditions and the
number of sessions required to meet the stability criteria for each rat. Note that the number
of sessions to meet the stability criteria under the vehicle and drug conditions is also the
number of times that particular dose was injected.

5.5 Analysis
Baseline adjusting delays and extraneous responses during the delays (which were converted
into responses per second to facilitate comparisons between delay periods) were analyzed
using a 2 × 2 repeated measures ANOVA with genotype (lean vs. obese) as the between-
subjects variable and standard delay (1 s vs. 5 s) as the within-subjects variables for each
pellet condition separately. A 2 × 2 × 2 repeated measures ANOVA also was conducted to
determine effects of pellet condition (2 vs. 3 pellets). When appropriate, independent
samples t-tests were used to determine differences between groups at each standard delay in
each pellet condition. Furthermore, paired samples t-tests were used to determine differences
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in adjusting delays within groups as a result of standard delay and pellet condition. When
determining drug effects in the 2-pellet condition, adjusting delays and extraneous responses
were transformed into percent of vehicle and were analyzed using a 2 × 2 repeated measures
ANOVA with genotype as the between-subjects variable and drug dose as the within-
subjects variable for each standard delay condition separately. In cases where response rate
was 0 responses per second under vehicle, 0.01 was substituted in order to transform
response rates into percent of vehicle.

Table 2 shows adjusting delays for all rats where values in parentheses are standardized
adjusting delays and represent standard deviations from the mean of the respective group.
F95’s data ranged from −1.777 to 7.092 standard deviations away from the mean of obese
rats’ adjusting delays across the various pellet and standard-delay conditions. Because of the
skewness introduced when F95 was included in analyses, his data were excluded from
analysis and data from 10 lean rats and 9 obese rats were used.

6. Results
6.1 Lever-press training

An independent samples t-test revealed that the mean number of sessions until lever-press
trained was significantly lower for obese rats than lean rats [obese: M = 4.0, SEM = 0.39;
lean: M = 6.1, SEM = 0.65; t(18) = 3.37, p < 0.01]. This includes the two hand-shaped lean
rats, which were treated as if they completed eight sessions, since after seven they were hand
shaped. When these two rats were excluded from the analysis, this difference was still
significant [t(16) = 2.69, p = 0.02].

6.2 Baseline
6.2.1 Adjusting delays—Figure 1 shows adjusting delays with each standard delay in the
2-pellet (left) and 3-pellet condition (right) for lean and obese Zucker rats. In the 2-pellet
condition, there was a main effect of standard delay [F(1,17) = 69.75, p < 0.001, ηp

2 = 0.80],
as the 5-s fixed delay induced longer adjusting delays than the 1-s condition for both groups.
There was neither a main effect of genotype nor a significant interaction; however, obese
rats had significantly shorter adjusting delays compared to leans with the 1-s standard delay
[t(17) = −2.74, p = 0.01]. In the 3-pellet condition, there was a main effect of standard delay
[F(1,17) = 78.10, p < 0.001, ηp

2 = 0.82], as the 5-s fixed delay again induced longer
adjusting delays than the 1-s condition for both groups. There was also a main effect of
genotype [F(1,17) = 14.12, p < 0.01, ηp

2 = 0.45], in that the obese rats had significantly
lower adjusting delays than leans in both standard delay conditions [1-s standard delay: t(17)
= −2.69, p = 0.02; 5-s standard delay: t(17) = −2.915, p = 0.01]. There were no significant
interactions. Analysis with both the 2- and 3-pellet conditions revealed a main effect of
pellet condition [F(1,17) = 29.52, p < 0.001, ηp

2 = 0.64], as the 3-pellet condition led to
longer adjusting delays than the 2-pellet condition overall. Specifically, adjusting delays
were significantly longer with 3 pellets than with 2 pellets in the 1-s standard delay
conditions for both groups [lean: t(9) = −2.26, p = 0.05; obese: t(8) = −2.93, p = 0.02], but
only for leans in the 5-s standard delay conditions [lean: t(9) = −4.29, p < 0.01]. There were
no significant interactions involving pellet condition.

6.2.2 Response rate—Figure 2 shows extraneous responses, converted into responses per
second, during the standard and adjusting delays. Overall, response rates were very low (less
than 0.18 response per second). In the 2-pellet condition, there was a main effect of delay
[F(1,17) = 7.64, p = 0.01, ηp

2 = 0.31], in that there were higher rates of responding during
the adjusting delay compared to the standard delay. However, there were no other main
effects of genotype or significant interactions. A similar pattern was observed in the 3-pellet
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condition in that there was a main effect of delay period [F(1,17) = 30.39, p < 0.01, ηp
2 =

0.64], as response rates were higher in the adjusting delay compared to the standard delay,
but there were no other main effects or significant interactions. Obese rats, however, had
significantly lower response rates compared to leans during the 1-s standard delay [t(17) =
−2.55, p = 0.02].

6.3 Drug
6.3.1 Adjusting delays—Figure 3 shows adjusting delays expressed as a mean percent of
vehicle as a function of dose of rimonabant for lean and obese Zucker rats with the 1-s (left)
and 5-s (right) standard delays in the 2-pellet condition. In the 1-s standard-delay condition,
there were no main effects of genotype or drug (p’s > 0.14). However, there was a
significant genotype X drug interaction [F(3,51) = 3.85, p = 0.02, ηp

2 = 0.19], which was
reflected in the lean and obese rats’ differential response to the 1 mg/kg dose of rimonabant.
Contrasts revealed a significant decrease in adjusting delays expressed as percent of vehicle
under the 1 mg/kg dose for lean rats [F(1,9) = 13.91, p = 0.01, ηp

2 = 0.61], and a significant
increase for obese rats [F(1,8) = 7.42, p = 0.03, ηp

2 = 0.48]. In the 5-s standard-delay
condition, a similar pattern was observed, though at the highest dose. Specifically, there was
a significant genotype X drug interaction [F(3,51) = 8.73, p < 0.001, ηp

2 = 0.34], with
contrasts revealing that the 10 mg/kg dose increased adjusting delays expressed as percent of
vehicle for obese rats [F(1,8) = 7.41, p = 0.03, ηp

2 = 0.48], and marginally decreased
adjusting delays expressed as percent of vehicle for leans [F(1,9) = 4.26, p = 0.069, ηp

2 =
0.32].

6.3.2 Responses per trial—Figure 4 shows response rates expressed as a mean percent
of vehicle in the delay period (standard delay, left; adjusting delay, right) as a function of
dose of rimonabant for lean and obese Zucker rats with the 1-s (top) and 5-s (bottom)
standard delays of the 2-pellet condition. In the 1-s standard-delay condition, there was a
main effect of genotype for the standard-delay period [F(1,17) = 5.46, p = 0.03, ηp

2 = 0.24],
as obese rats had lower response rates than leans, but there were no other main effects or
significant interactions for both the standard- and adjusting-delay period. Importantly,
rimonabant did not alter the number of trials completed for either group of rats.

7. Discussion
During training, obese rats acquired the lever-press response for sucrose in fewer sessions
than lean rats, even when the two hand shaped lean rats were excluded from analysis. This
finding replicates and extends those from a previous study that reported on single lever-press
acquisition in the context of a progressive ratio schedule of reinforcement [12]. Although
reasons why the obese Zuckers acquired the lever-press in fewer trials than lean rats in the
current study (as well as other studies) are unclear, Rasmussen and Huskinson [12] posited
that obese Zuckers might demonstrate increased sensitivity to sucrose reinforcement. This
seems likely when one considers previous research showing obese Zuckers consume more
reinforcers in environments with low response requirements [1, 17] and show greater
sensitivity to food patches with higher densities of reinforcement than their lean counterparts
[37]. It is plausible then that an increased sensitivity to sucrose reinforcement in the obese
Zuckers contributed to the training effect in the current study.

Adjusting delays were examined across varying pellet amounts and standard-delay
durations. Both groups of rats’ adjusting delays were significantly lengthened when the
standard delay was longer (5 s compared to 1 s). That is, their choices became more self-
controlled when the more immediate option required a 5-s waiting period. Lean rats also
waited longer when the number of pellets available on the adjusting-delay lever was higher
(3 instead of 2). These findings replicate previous studies that show adjusting delays
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increase when the standard delay and/or the amount of reinforcement on the adjusting-delay
lever is increased in standard laboratory rats and pigeons [36, 38], but extend to the Zucker
strain—a novel finding. Increasing the number of pellets on the adjusting-delay lever,
however, only lengthened lean rats’ (compared to obese) adjusting delays when there was a
5-s standard delay in effect. This may be due to an interaction between genotype and choice
condition but further investigation is needed.

In three out of the four conditions, we observed that obese Zucker rats had shorter adjusting
delays than lean rats. Specifically, in the 3-pellet condition, obese rats had significantly
shorter adjusting delays than lean rats both with the 1-s and 5-s standard delay (Figure 1).
This was observed also in the 2-pellet condition with the 1-s standard delay. To our
knowledge, this experiment is the first to not only characterize differences in impulsive-
choice patterns between lean and obese Zucker rats, but also demonstrate that obesity in a
nonhuman species is associated with increased impulsive choice. The current study also
extends findings from experiments with humans using the delay-discounting procedure,
which have shown that obese participants are more sensitive to hypothetical delayed food
and monetary outcomes than healthy weight participants [20–25].

Extraneous responses, that is, responses that occurred during the standard and adjusting
delays that did not contribute to a food choice, also were measured. Response rates overall
were low in that one response occurred every 6–10 s (0.08 to 0.15 response per second).
Rats on average tended to have higher response rates during the adjusting delay than the
standard delay in all conditions. Furthermore, obese rats had significantly lower responses
rates in the 1-s standard-delay period of the 3-pellet condition. Because of these findings, an
argument could be made that there was a greater degree of effort in the form of a response
requirement (though a response requirement was not part of the contingency) to obtain
sucrose associated with the adjusting-delay lever compared to the standard-delay lever.
Comparing the average response rates, however, shows that the difference in responding
between the standard- and adjusting-delay periods across a 50-s interval (i.e., the length of
one trial) would be approximately 3–4 responses at the greatest. Furthermore, previous
research on behavioral-economic demand in obese Zuckers has demonstrated that sucrose is
inelastic (i.e., does not reduce food consumption) at low response requirements [1, 17], such
as those responses observed in the current study. Therefore, it is unlikely that strain
differences or a sensitivity to response requirements accounted for the disparity in
responding during the standard- and adjusting-delay periods.

The impulsive choice patterns of lean and obese Zucker rats also were examined after acute
administration of rimonabant in the 2-pellet condition. Rimonabant did not have main
effects on behavior, which replicates Pattij et al. [32]. However, the drug did combine with
some conditions to produce an interaction. When a 1-s standard delay was in effect, 1 mg/kg
of rimonabant significantly shortened adjusting delays as a percent of vehicle for lean rats
and lengthened adjusting delays as a percent of vehicle for obese rats (Figure 3). A similar
pattern was observed with the 10 mg/kg dose in the 5-s standard-delay condition.
Furthermore, rimonabant did not appear to have any systematic main effects or interactions
on response rate (Figure 4) or the number of trials completed. Although reasons why the
effective dose of rimonabant varied between standard-delay conditions are unclear, the
prolonged drug testing regimen used in the current study may be a possible cause (as rats
were injected at least three times with each dose of rimonabant; see Table 1). Regardless, no
studies to date have shown that rimonabant interacts with delays to affect food
reinforcement in lean and obese Zuckers, so this is a novel finding. This also suggests that
with the doses that affected the adjusting delays, the effect was specifically related to
sensitivity to delay (i.e., ability to wait) and not a psychomotor process.
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The observation that some doses of rimonabant reduced impulsive choice (i.e., enhanced
self-controlled choice) for obese rats, but had the opposite effect for lean rats is puzzling.
Previous studies that examined the effects of rimonabant on food consumption and food-
reinforced behavior have noted that obese Zuckers are typically more sensitive to
rimonabant [5, 12, 13] and other cannabinoids [14] than leans. However, this increased
sensitivity is usually in the same direction (not opposite). Another mechanism that may
explain why rimonabant differentially affected obese and lean Zuckers’ behavior in the
current study is the baseline rate of impulsive choice. A number of studies have shown that
drug effects on impulsive choice are dependent on the initial rate of impulsive choice, that
is, the rate before drug administrations [39–41]. For example, Perry et al. [41] found that
administration of d-amphetamine increased impulsive choice in rats with higher baseline
adjusting delays (i.e., rats who made more self-controlled choices under baseline), but
decreased impulsive choice in rats with lower baseline adjusting delays (i.e., rats who made
more impulsive choices under baseline). No studies to date have systematically shown
baseline-dependent effects of rimonabant on impulsive choice, so further investigation is
needed.

There were some limitations to the present study. First, a pattern of impulsive choice could
occur from (1) a decreased sensitivity to the amount of the larger-later reinforcer or (2) an
increased sensitivity to (or aversion towards) the delay to the larger-later reinforcer. While
obese Zuckers responded more impulsively than lean rats, it is unclear whether these
differences were due to changes in sensitivity to amount of reinforcement or delay to
reinforcement. Future studies using an adjusting-delay procedure may consider adding some
probe sessions in which the delay to both food outcomes is 0 s to help determine if amount
sensitivity plays a role [41, 42]. Choice for the smaller, immediate outcome over the larger,
immediate outcome in these sessions would reflect an insensitivity to amount. Second, and
related to the concern of amount and delay sensitivity, the present study examined behavior
under two levels of standard delays and pellet conditions. It may be useful to examine
behavior under more than two levels of these variables as a fuller characterization of both
may be established [36]. However, examining adjusting delays across many standard delays
and pellet conditions as well as testing the effects of rimonabant on these adjusting delays
would have significantly lengthened the study, which becomes a concern when using obese
Zucker rats who are prone to health problems as they age [43, 44]. Finally, the present study
may have benefited from additional levels of analysis, such as histological or physiological
measures [e.g., 10, 11, 15]. However, we feel that the current study still provides some
indirect evidence for neurochemical substrates. For example, impulsive-choice patterns were
tested across several contexts (i.e., two standard-delay durations in each of two pellet
conditions) using rats with different genetic polymorphisms that have been shown to directly
influence leptin and endocannabinoid regulation [9, 10, 16]. We also reported differential
behavioral effects of these two strains under varying doses of rimonabant, which also
implicates the CB1 receptor. However, additional measures may bolster the present study’s
primary conclusions. Future studies may be able to build on these observations by including
central or peripheral measures of serum leptin levels, endocannabinoid levels, or perhaps
measures of CB1 receptor densities in relevant brain regions to provide more direct support
for the extent to which leptin or endocannabinoid-related activity is involved.

8. Conclusions
Despite these limitations, an adjusting-delay procedure was used to characterize differences
in impulsive-choice patterns between lean and obese Zucker rats, both before and after acute
injections of rimonabant. The results from the present study suggest that obese Zuckers
behave more impulsively than lean Zuckers, and provide further support that differences in
food consumption between lean and obese Zucker rats are largely dependent on the
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environmental arrangement of food. To our knowledge, this is the first study to characterize
differences in impulsive-choice patterns in lean and obese Zucker rats. Because we
controlled for floor effects by using the adjusting-delay procedure, the present study also
provides some support that the CB1 receptor may be involved in impulsive choice
depending on the specific genotypes and perhaps baseline rates of impulsive choice
involved. Understanding the conditions under which genetic and pharmacological factors
influence impulsive choice may prove helpful in designing effective treatments for obesity.
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Highlights

• Obese Zucker rats made more impulsive choices for sucrose than lean rats.

• Rimonabant decreased impulsive choice in obese Zucker rats;

• Rimonabant increased impulsive choice in lean Zucker rats.

• Effects of rimonabant were due to delay sensitivity, not psychomotor processes.
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Figure 1.
Mean adjusting delay (±SEM) as a function of standard delay for lean and obese Zucker rats
when the adjusting delay resulted in two pellets (left) or three pellets (right).
*p < 0.05 difference between lean and obese rats
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Figure 2.
Mean responses per second (±SEM) for lean and obese Zucker rats when the adjusting delay
resulted in two pellets (top) or three pellets (bottom). Responses per second are separated
into the standard and adjusting delay for the 1-s (left) and 5-s (right) standard-delay
conditions.
*p < 0.05 difference between lean and obese rats
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Figure 3.
Adjusting delays expressed as a mean percent of vehicle (±SEM) as a function of dose of
rimonabant for lean and obese Zucker rats with the 1-s (left) and 5-s (right) standard delays
in the 2-pellet condition. The dotted lines represent 100% of vehicle (i.e., no change in
adjusting-delay length). Note that symbols may obstruct error bars in some instances.
*p < 0.05 difference compared to vehicle for both groups
**p < 0.05 difference compared to vehicle for obese rats; p = 0.069 for lean rats
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Figure 4.
Responses per second expressed as a mean percent of vehicle (±SEM) as a function of dose
of rimonabant for lean and obese Zucker rats in the 1-s (top) and 5-s (bottom) standard-delay
conditions when the adjusting delay resulted in 2 pellets. Response rates are divided into the
standard and adjusting delays. Note that symbols may obstruct error bars in some instances.
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