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Abstract
Rationale—Alterations in cost–benefit decision making accompany numerous neuropsychiatric
conditions, including schizophrenia, attention deficit hyperactivity disorder, and addiction. Central
cholinergic systems have been linked to the etiology and/or treatment of many of these conditions,
but little is known about the role of cholinergic signaling in cost–benefit decision making.

Objectives—The goal of these experiments was to determine how cholinergic signaling is
involved in cost–benefit decision making, using a behavioral pharmacological approach.

Methods—Male Long-Evans rats were trained in either “probability discounting” or “delay
discounting” tasks, in which rats made discrete-trial choices between a small food reward and a
large food reward associated with either varying probabilities of omission or varying delays to
delivery, respectively. The effects of acute administration of different doses of nicotinic and
muscarinic acetylcholine receptor agonists and antagonists were assessed in each task.

Results—In the probability discounting task, acute nicotine administration (1.0 mg/kg)
significantly increased choice of the large risky reward, and control experiments suggested that
this was due to robust nicotine-induced impairments in behavioral flexibility. In the delay
discounting task, the muscarinic antagonists scopolamine (0.03, 0.1, and 0.3 mg/kg) and atropine
(0.3 mg/kg) both significantly increased choice of the small immediate reward. Neither
mecamylamine nor oxotremorine produced reliable effects on either of the decision making tasks.

Conclusions—These data suggest that cholinergic receptors play multiple roles in decision
making contexts which include consideration of reward delay or probability. These roles should be
considered when targeting these receptors for therapeutic purposes.
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Introduction
Cost–benefit decision making is characterized by the ability to make choices among reward
options which differ in both reward magnitudes and costs, the latter of which can include
such variables as delay to reward delivery and probability of reward omission. Optimal
cost–benefit decision making yields maximum rewards with minimum costs, whereas poor
cost–benefit decision making (termed “impulsive” in the case of suboptimal delay-based
decision making and “risky” in the case of suboptimal probability-based decision making)
results in larger costs and/or smaller rewards. In humans, such suboptimal decision making
can have a large impact on health, finances, social relationships, and overall quality of life.

Suboptimal cost–benefit decision making is a prominent feature of numerous
neuropsychiatric conditions, including schizophrenia, Alzheimer’s disease, attention deficit
hyper-activity disorder (ADHD), and addiction (Gleichgerrcht et al. 2010; Kalivas and
Volkow 2005; Thompson et al. 2007; Weiler et al. 2009). These conditions are linked in that
central cholinergic systems have been implicated in their etiology and/or treatment (Mukhin
et al. 2008; Potter and Newhouse 2005; Warpman and Nordberg 1995; Yip et al. 2009).
Such links suggest that central cholinergic systems may play a role in the altered cost–
benefit decision making observed in these conditions; however, in contrast to other
neurotransmitter systems (e.g., dopamine), there is surprisingly little known about the
contributions of cholinergic signaling to cost–benefit decision making.

Discounting tasks are commonly used across species to assess cost–benefit decision making.
Such tasks generally involve presenting subjects with the opportunity to repeatedly choose
between two reward options: a large reward that is associated with varying costs (e.g., delay
to delivery) that devalue this reward and a small reward with few or no costs (Mazur 1987).
One advantage of such tasks is that they allow analysis of choice proportion gradients, as
subjects will shift their choice toward or away from the large reward, depending on its cost.
In addition, they can offer dissociable information about how changes in degree of
preference relate to changes in reward magnitude, cost size, and overall reward values (Ho
et al. 1999; Killeen 2011). Notably, there is some evidence that the mechanisms underlying
the effects of different types of reward costs on behavior (e.g., delay vs. probability) are
dissociable, both at the behavioral and neural levels (Floresco et al. 2008; Rachlin et al.
1991; Simon et al. 2009).

Both acute and chronic administration of nicotine in rats cause increases in choice of small
immediate vs. large delayed rewards (i.e., greater impulsive choice) in tests of delay
discounting (Dallery and Locey 2005; Kolokotroni et al. 2011). These findings concur with
those from studies of human smokers, who, like nicotine-exposed rats, also show greater
impulsive choice relative to nonsmokers and ex-smokers (Bickel et al. 1999; Field et al.
2006), although acute nicotine in nonsmoking adults with ADHD may actually decrease
impulsive choice (Potter and Newhouse 2008). Psychopharmacological data in delay
discounting tasks using cholinergic drugs other than nicotine are limited; however, acute
administration of mecamylamine (a nonselective nicotinic antagonist) to adults with ADHD
is reported to increase impulsive choice (Potter et al. 2009), while acute mecamylamine
administration in rats has no effect (Kolokotroni et al. 2011; see also Xie et al. 2012).
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Data on cholinergic contributions to probability discounting are even more limited. Such
decision making is reported to be altered in smokers compared to nonsmokers, although the
direction of these alterations (increased or decreased risky decision making) is unclear
(Mitchell 1999; Reynolds et al. 2004). In addition, recent data from our laboratory show that
acute nicotine administration in rats decreases preference for large rewards associated with a
risk of punishment vs. small safe rewards (i.e., decreased risky choice; Mitchell et al. 2011).
To gain a broader understanding of the role of cholinergic systems in cost–benefit decision
making, we examined the effects of acute administration of drugs acting at nicotinic and
muscarinic cholinergic receptors on delay and probability discounting. It was expected that
drugs acting at nicotinic receptors would influence performance on both tasks, although
given the mixed findings in the literature, the expected direction of any such effects was
unclear. To our knowledge, there are no prior studies of the role of muscarinic receptors in
decision making.

Materials and methods
Subjects

The subjects were male Long-Evans rats weighing 250–275 g upon arrival (Charles River
Laboratories, Wilmington, NC, USA). Rats were housed individually in a climate-controlled
vivarium (25 °C) at either Texas A&M University or University of Florida. Four groups of
rats were used for these experiments, which were conducted in the following order: the first
group (n=15) was tested in experiments 1.1–1.4; the second group (n=16) in experiments
2.1, 2.2, 2.4, and 1.6; the third group (n=16) in experiments 2.3 and 2.5; and the fourth
group (n=16) in experiment 1.5. Rats had unrestricted access to food and water, except as
noted below. Testing took place during the light cycle of a 12-h light/dark schedule (lights
on 0800–2000) and was conducted according to the “Guide for the Care and Use of
Laboratory Animals” (National Academy of Sciences, Washington, DC, USA) and met all
National Institutes of Health and institutional animal care guidelines. Rats acclimated to
vivarium conditions for at least 1 week before the experiments began. Prior to testing, rats
were food restricted to 85 % of their free feeding weight over 5 days. To maintain them at
this weight, they were limited to 15 g of food/day (in addition to food earned during testing),
with allowances for growth.

Behavioral apparatus
All testing took place in eight identical standard rat behavioral test chambers (Coulbourn
Instruments, Whitehall, PA, USA; for details, see Mendez et al. 2010). A recessed food
trough into which grain-based food pellet rewards (PJAI, Test Diet, 45 mg) were delivered
was equipped with a photobeam to detect head entries and was placed in the center of the
front wall of the chambers. Retractable response levers were located on each side of the food
trough, and each chamber was equipped with an overhead infrared activity monitor. The
chambers were interfaced with a computer running Graphic State 3.01 software (Coulbourn
Instruments) to control stimulus deliveries and record data.

Behavioral protocols
Probability discounting task—Detailed shaping and testing procedures have been
described previously (Mendez et al. 2010). Briefly, each 60-min session in the probability
discounting task consisted of five blocks of 18 trials each. On each trial, a nose poke into the
food trough extinguished the food trough light and triggered extension of either a single
lever (forced choice trials) or both levers simultaneously (free choice trials). A press on one
lever (either left or right, balanced across rats) resulted in the delivery of a single food pellet
(the small reward). A press on the other lever resulted in the delivery of four food pellets
(the large reward). Failures to press either lever were scored as omissions. During the first
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block of trials, the probability of large reward delivery was 100 %. During each of the next
four blocks, the probability of large reward delivery decreased (50, 25, 12.5, and 0 %,
respectively). Each 18-trial block began with eight forced choice trials (four for each lever)
used to expose the rats to the reward probabilities in effect for that block, followed by ten
free choice trials. Rats were tested until stable performance was achieved, at which point
drug tests were initiated as described below.

Perseveration tests—To determine whether the effects of nicotine in the probability
discounting task in experiment 1.2 were due to alterations in behavioral flexibility, rats were
tested in several variants of the probability discounting task. In the first of these, rats were
tested in a probability discounting task with ascending probabilities of large reward delivery
across trial blocks (0, 12.5, 25, 50, and 100 %). Rats were then tested in a “within-session
shift” task, in which delivery of the large reward switched between blocks 2 and 3 from
guaranteed to omitted entirely (100, 100, 0, 0, and 0 %).

Delay discounting task—Detailed procedures for training and testing in this task have
been described previously (Evenden and Ryan 1996; Mitchell et al. 2012). Briefly, each 60-
min session consisted of five blocks of 12 trials each. A nose poke into the food trough
during these trials extinguished the food trough light and triggered the extension of either a
single lever (forced choice trials) or both levers simultaneously (free choice trials). Each
block consisted of two forced choice trials followed by ten free choice trials. A press on one
lever (either left or right, balanced across rats) resulted in one food pellet delivered
immediately. A press on the other lever resulted in three food pellets delivered after a
variable delay, the duration of which increased across blocks (0, 4, 8, 16, and 32 s). Drug
tests were initiated once stable performance was achieved.

Drug tests—Five different cholinergic drugs were administered acutely prior to testing
(nicotine hydrogen tartrate (measured as the weight of the salt), mecamylamine
hydrochloride, oxotremorine M, scopolamine hydrobromide trihydrate, and atropine; for
doses and timing of injections, see Table 1; Locey and Dallery 2009; O’Hare et al. 1997).
Administration of vehicle and three doses of each drug occurred over a period of 8 days
using a within-subjects design according to the following schedule: dose 1, no injections;
dose 2, no injections; dose 3, no injections; dose 4, no injections (with the exception of
scopolamine, for which 3 days elapsed between doses). For the perseveration tests
(experiment 1.6), only vehicle and the highest dose of nicotine were used. The order in
which the doses of each drug (including vehicle) were administered was counterbalanced
across rats. Drugs were purchased from Sigma and administered in 0.9 % saline vehicle at a
volume of 1 ml/kg. Between tests with different drugs, rats received 12–33 sessions in their
respective tasks to reestablish stable performance.

Statistical analysis
Raw data files were exported from Graphic State and compiled using a custom macro
written for Microsoft Excel (Dr. Jonathan Lifshitz, University of Kentucky, Lexington, KY,
USA). Statistical analyses were conducted in SPSS 16.0. Response omissions and intertrial
interval locomotor activity on drug testing days were assessed using one-way repeated-
measures analysis of variance (ANOVA) with Tukey’s honestly significant difference
(HSD) post hoc tests when appropriate. The main dependent variable of interest was percent
choice of the large reward (number of choice trials in which the large reward was chosen
divided by the total number of choice trials completed). Rats that omitted seven or more of
the ten choice trials in any block were excluded from the analysis for that experiment. Stable
behavior was determined using two-way repeated-measures ANOVA (session×probability/
delay) and was defined by the absence of a main effect or interaction involving session
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(Cardinal et al. 2000). Rats required 25–45 sessions to achieve stable behavior prior to drug
testing. Analyses of choice behavior on drug testing days were conducted using two-way
repeated-measures ANOVA (drug dose×probability/delay) with Tukey’s HSD post hoc tests
when warranted. In all cases, p values <0.05 were considered significant.

Results
Experiment 1: probability discounting

In all experiments, the main effect of trial block (probability) was significant (Fs>21.56,
ps<0.001) and will not be reported further.

Experiment 1.1: nicotine—Nicotine produced a significant main effect of dose (F(3,36)=
13.04, p<0.001) as well as a significant interaction between dose and block (F(12,144)=4.64,
p <0.001). Post hoc analyses of the dose×block interaction showed significant effects of
nicotine on choice in blocks 4 and 5 (ps<0.01). Individual post hoc comparisons also
revealed that the highest dose significantly increased choice of the large risky reward
compared to vehicle (p<0.01) (Fig. 1a). There were also main effects of nicotine on both
trial omissions (F(3,42) =6.83, p<0.01) and locomotor activity (F(3,30) =7.16, p<0.01; Table
2). Post hoc analyses revealed that the high dose increased trial omissions, whereas the
medium dose increased locomotor activity (ps <0.05).

Experiment 1.2: mecamylamine—Mecamylamine produced neither a main effect of
dose nor interaction between dose and block, although both effects trended toward increased
choice of the large risky reward (Fig. 1b). Mecamylamine also had no effects on trial
omissions or locomotor activity (Table 2).

Experiment 1.3: oxotremorine—Oxotremorine produced neither a main effect of dose
nor interaction between dose and block (Fig. 1c). Oxotremorine also had no effect on trial
omissions, but did affect locomotor activity (F(3,39)=5.6, p<0.01; Table 2), with the highest
dose causing a significant reduction (p<0.01).

Experiment 1.4: scopolamine—Scopolamine produced a significant main effect of dose
(F(3,28) =7.53, p <0.01) as well as an interaction between dose and block (F(12,84) =5.52, p
<0.01). Post hoc analyses of the dose×block interaction showed a significant effect of
scopolamine on choice in blocks 1, 2, 3, and 4 (ps<0.05). Post hoc comparisons between
each dose and vehicle conditions also revealed that the medium and high doses significantly
decreased choice of the large risky reward (ps <0.05) (Fig. 1d). Moreover, scopolamine had
significant effects on both response omissions (F(3,42) =28.49, p<0.01) and locomotor
activity (F(3,33) =9.49, p<0.01; Table 2), with all doses increasing omissions and decreasing
locomotor activity compared to vehicle (ps<0.01).

Experiment 1.5: atropine—Because scopolamine produced considerable disruptions in
task performance, a second muscarinic antagonist was used to examine the effects of
muscarinic blockade on probability discounting. Acute administration of the middle and
high doses of atropine greatly increased response omissions (ten and nine rats omitted more
than seven of the ten choice trials in at least one block with the medium and high dose,
respectively), resulting in insufficient data for reliable statistical analyses. Analysis of data
from vehicle and the low dose of atropine alone revealed no significant main effect of dose,
but a significant interaction between dose and block (F(4,36)=7.68, p<0.001), such that
choice of the large reward was reduced at high probabilities and increased at low
probabilities of delivery. Post hoc analyses of the dose×block interaction showed a
significant effect of atropine on choice in blocks 4 and 5 (ps<0.05). Although the middle and
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high doses could not be analyzed statistically, data from the rats that were not omitted are
plotted in Fig. 1e and suggest a pattern of choice performance comparable to that with the
low dose. Atropine also had significant effects on response omissions (F(3,45) =17.55,
p<0.01; Table 2), with all doses increasing omissions compared to vehicle (ps <0.01). There
was no effect of atropine on locomotor activity.

Experiment 1.6: effects of nicotine on perseverative choice behavior—The
pattern of effects of nicotine on the probability discounting task in experiment 1.2 (increased
choice of the large risky reward) could be interpreted as an increase in perseverative
responding (i.e., persistent choice of a reward option even after it becomes disadvantageous)
rather than an increase in preference for large risky rewards per se (St. Onge et al. 2010). To
address this possibility, the most effective dose of nicotine from experiment 1.2 was tested
on several variants of the probability discounting task. Prior to each of these tests, rats
achieved stable performance on the task variant being tested. The first of these tests was a
replication of experiment 1.2, which again showed that acute nicotine (1.0 mg/kg) increased
choice of the large risky reward (main effect of nicotine, F(1,15)=19.83, p<0.05; interaction
between drug condition and block, F(4,60)=5.74, p<0.01; Fig. 2a). Post hoc analyses of the
dose×block interaction showed a significant effect of nicotine on choice in blocks 4 and 5
(ps<0.01). In the second test, the order of probabilities of reward delivery was reversed
(beginning with 0 % and proceeding up to 100 %). Because this task variant involved the
same risks of reward omission as the “regular” version of the task, but presented them in the
opposite order, it allowed a dissociation between the two possible interpretations of the
effects in experiment 1.2 (increased risk-taking vs. increased perseveration) (St. Onge and
Floresco 2009). Again, there was both a main effect of drug condition (F(1,15) =11.07, p
<0.01) and an interaction between drug condition and block (F(4,60)=5.49, p<0.01); however,
in this version of the task, nicotine decreased choice of the large risky reward relative to
vehicle (Fig. 2b). Post hoc analyses of the dose×block interaction in this test showed a
significant effect of nicotine on choice in blocks 2 and 3 (ps<0.05). In the third test, the large
reward was delivered with 100 % probability for the first two blocks and 0 % probability for
the final three blocks. This test eliminated the need for calculations of reward probabilities
and was thus a more “pure” test of perseverative behavior. As in the first two tests, there was
both a main effect of drug (F(1,13)=23.75, p<0.01) and an interaction between drug and block
(F(4,52)=22.13, p<0.01), with nicotine causing elevated choice of the large reward across
multiple blocks of 0 % probability of delivery (Fig. 2c). Additionally, post hoc analyses of
the dose×block interaction showed a significant effect of nicotine on choice in blocks 3 and
4 (ps<0.05).

Experiment 2: delay discounting
In all experiments, the main effect of trial block (delay) was significant (Fs>14.58,
ps<0.001) and will not be reported further.

Experiment 2.1: nicotine—Nicotine produced neither a main effect of dose nor an
interaction between dose and block (Fig. 3a). There was also no effect on response
omissions, although there was an effect on locomotor activity (F(3,45) =2.91, p<0.05), with
both the middle and high doses of nicotine producing a significant increase relative to
vehicle (ps<0.05; Table 3).

Experiment 2.2: mecamylamine—Mecamylamine produced no effects on choice
behavior, although there was a trend toward increased choice of the large reward (decreased
impulsive choice; Fig. 3b). There were also no effects on response omissions or locomotor
activity.
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Experiment 2.3: oxotremorine—Oxotremorine produced neither a main effect of dose
nor an interaction between dose and block, although there was a trend toward decreased
choice of the large delayed reward (increased impulsive choice; Fig. 3c). There was also no
effect on response omissions, although there was an effect on locomotor activity
(F(3,45)=4.07, p<0.05), with the high dose producing a near-significant decrease relative to
vehicle (Table 3).

Experiment 2.4: scopolamine—Scopolamine produced a significant main effect of dose
(F(3,12) =12.06, p <0.01), as well as a significant interaction between dose and block (F(12,36)
=2.96, p <0.01). Post hoc analyses of the dose×block interaction showed a significant effect
of scopolamine on choice in blocks 1 and 2 (ps<0.01). Post hoc analyses also revealed that
all doses of scopolamine significantly reduced choice of the large delayed reward (Fig. 3d).
There was also a main effect on response omissions (F(3,42) =29.70, p<0.01), with all doses
significantly increasing the number of omitted trials (ps<0.01), but no effect on locomotor
activity (Table 3).

Experiment 2.5: atropine—Atropine produced a significant main effect of dose (F(3,36)
=6.81, p<0.01) as well as a significant interaction between dose and block (F(12,144)=2.74,
p<0.01). Post hoc analyses of the dose×block interaction showed a significant effect of
atropine on choice in blocks 2 and 3 (ps<0.01). Post hoc analyses also revealed that the high
dose significantly decreased choice of the large delayed reward (increased impulsive choice,
p<0.05; Fig. 3e). There were also significant main effects of atropine on trial omissions
(F(3,45) =8.89, p <0.01) and locomotor activity (F(3,45) =4.03, p<0.05), with the high dose
both increasing trial omissions and decreasing locomotor activity relative to vehicle
conditions (ps<0.01; Table 3).

Locomotor activity
There was considerable variation in locomotor activity under vehicle conditions across
experiments. Some of this variation may have been due to the different cohorts of rats used
for different experiments; however, note that drug effects on locomotor activity were similar
across experiments 1 and 2 (see Tables 2 and 3), suggesting that such variation did not
account for the magnitude or direction of these effects.

Discussion
The contributions of cholinergic systems to cost–benefit decision making are poorly
understood, despite the fact that cholinergic signaling plays an important role in the etiology
and/or treatment of many neuropsychiatric disorders in which altered decision making is
prominent (Mukhin et al. 2008; Potter and Newhouse 2005; Warpman and Nordberg 1995;
Yip et al. 2009). The overall goal of these experiments was to characterize the roles of
cholinergic receptors in two forms of cost–benefit decision making, using a behavioral
pharmacological approach. The results suggest both common and unique roles for the two
major types of cholinergic receptors (nicotinic and muscarinic) in probability and delay
discounting.

Nicotinic receptors and cost–benefit decision making
Acute activation of nicotinic receptors via the nonselective agonist nicotine produced a
robust increase in choice of the large “risky” reward in the probability discounting task.
However, in a modified version of the probability discounting task in which the order of
probabilities of reward omission decreased (rather than increased) across the test session,
nicotine decreased choice of the large risky reward. This finding suggests that the effects of
nicotine on choice behavior in the “standard” version of the task were not due to increases in

Mendez et al. Page 7

Psychopharmacology (Berl). Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



risk-taking per se, but instead reflected impaired behavioral flexibility (i.e., perseveration),
such that nicotine caused persistent choice of the option selected in early blocks of trials,
even after it became disadvantageous in later blocks. This persistence was also evident in
another modified version of the task, in which the probabilities of reward omission were
either 0 or 100 %. In this version, which eliminated the need to detect and respond to
changes in reward probability, nicotine also caused persistent choice of the disadvantageous
option, providing further evidence for nicotine-induced perseveration. Interestingly, effects
similar to those observed here with nicotine were found following acute administration of
amphetamine in the probability discounting task (St. Onge and Floresco 2008; St. Onge et
al. 2010). Like nicotine, amphetamine also increased choice of the large risky reward when
the probability of reward omission increased over the course of the test session, but
decreased choice of the large risky reward when the probability of omission decreased. This
pattern of behavior was interpreted as an inability to modify the “perceived relative value”
of the initially chosen reward on the basis of within-session changes in reward
contingencies, and data from the present experiments are consistent with this hypothesis. In
addition, the fact that, like amphetamine, nicotine also induces release of catecholamines
(including dopamine) suggests a possible shared mechanism for these effects (George et al.
2000; Rice and Cragg 2004).

Despite the robust effects of nicotine on probability discounting, there were no effects of
nicotine on choice behavior in the delay discounting task. This lack of effect was surprising,
as not only was there no evidence for perseverative behavior as in the probability
discounting task, but several prior studies have reported that acute nicotine decreases choice
of large delayed rewards (Dallery and Locey 2005; Kolokotroni et al. 2011; for similar
results in a choice task involving risk of punishment as the reward cost, see also Mitchell et
al. 2011; although see Anderson and Diller 2010). Considered together, these findings
suggest that the perseveration-inducing effects of nicotine are limited to only some forms of
cost–benefit decision making and that its effects in other choice tasks more strongly reflect
its influences on other aspects of neurocognitive function. Indeed, similar dissociations
across different forms of cost–benefit decision making have been observed following acute
amphetamine administration (Cardinal et al. 2000; Simon et al. 2009).

One reported effect of nicotine administration which might account for the absence of
apparent effects on delay discounting in this study is its actions on sensitivity to reward
magnitude. Locey and Dallery (2009, 2011) recently conducted several experiments in
decision making tasks in which they found that acute nicotine caused a shift in choice
behavior from large to small rewards in the absence of effects on sensitivity to reward delay
or probability. Such nicotine-induced decreases in sensitivity to reward magnitude could
account for previous reports of greater impulsive choice in delay discounting tasks (Dallery
and Locey 2005; Kolokotroni et al. 2011), as well as reports of greater impulsive choice in
human smokers (Mitchell 1999). The fact that, in the present study, mecamylamine
produced a trend toward increased choice of the large reward in both discounting tasks could
also be consistent with a role for nicotinic receptors in reward sensitivity. It is not clear why
nicotine failed to influence impulsive choice in the present study; however, given that the
delay discounting task design used here may have been particularly susceptible to the effects
of nicotine on perseverative behavior (unlike the designs used by Dallery and Locey (2005)
and Kolokotroni et al. (2011), in which the order of presentation of the delays was not
consistent), it may be the case that elevated perseveration (which would be expected to
maintain choice of the large reward in the face of increasing delay costs) counteracted any
decrease in choice of the large reward due to decreases in sensitivity to reward magnitude,
resulting in no net change in choice behavior (although, admittedly, there was no direct
evidence for such decreases in sensitivity to reward magnitude in the present study).
Ultimately, the effects of acute nicotine on choice behavior in cost–benefit decision making
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tasks likely depend on the relative values of the large and small rewards and the degree to
which different reward costs influence these values. In addition, baseline levels of reward
choice in such tasks likely influence the magnitude and direction of such effects (Newhouse
et al. 2004; Stanis et al. 2008). Future research employing parametric variation of these
variables across subjects with varying degrees of baseline performance will be necessary to
fully elucidate the contributions of the different effects of nicotine on choice behavior.

Muscarinic receptors and cost–benefit decision making
Acute administration of the muscarinic receptor agonist oxotremorine had no effect on
choice behavior in either the probability or delay discounting tasks (although the behavioral
efficacy of the drug was evident in the reduction in locomotor activity at the highest dose).
In contrast, the muscarinic antagonist scopolamine produced robust decreases in choice of
the large reward across both tasks, particularly at high doses. This effect of scopolamine,
together with the lack of effect of oxotremorine, suggests that muscarinic signaling may be
optimized for decision making (e.g., that muscarinic tone is high in neural systems
responsible for choice behavior), such that an agonist (even one that has other behavioral
effects, as it did on locomotion) will have minimal effects on choice behavior. However,
with such optimization might come great sensitivity to disruption (e.g., high muscarinic tone
might be sensitive to blockade), such that muscarinic antagonists would cause severe
disruptions in performance. Additionally, the fact that the effects of scopolamine were
qualitatively similar across tasks suggests that it exerts its effects on choice behavior through
a common mechanism. One likely possibility is through effects on food motivational or
consummatory processes. While the effects of systemic scopolamine administration on food
motivation are mixed (Khokhlova et al. 2001; Plakke et al. 2008), scopolamine infused
directly into the nucleus accumbens is reported to decrease food consumption (Perry et al.
2010; Pratt and Blackstone 2009). Such an effect is consistent with the increase in trial
omissions produced by both muscarinic antagonists (i.e., reductions in food motivation via
prefeeding have similar effects in these and other choice tasks; Simon et al. 2009; St. Onge
and Floresco 2008), as well as with informal observations in the present experiments of
occasional failures to consume all of the earned food pellets following scopolamine
administration. The fact that the high dose of scopolamine reduced choice of the large
reward during the first trial block (i.e., in the absence of risk of reward omission or delay to
reward delivery) provides further support for the disruptive effects of (high dose) muscarinic
blockade on some aspects of food motivation.

The disruptive effects of atropine on task performance were less evident. None of the lower
doses of the drug affected choice behavior in the first block of either task, indicating
relatively intact abilities to detect and respond appropriately to the different reward
magnitudes. However, the higher doses of atropine used in the probability discounting task
tended to “flatten” the discounting curves (reducing choice of the large reward at high
probabilities of delivery and increasing choice of the large reward at low probabilities of
delivery). This pattern of choice behavior could reflect truly impaired decision making (i.e.,
inability to use information regarding reward probability to guide behavior); however, this
same pattern of “flattened” probability discounting curves has also been observed in this
task following reductions in food motivation via prefeeding (St. Onge and Floresco 2008),
suggesting that it could be linked to the effects of muscarinic antagonists on motivational
processes. Interestingly, the adjusted high dose of atropine in the delay discounting task
(which was the low dose used in the probability discounting task) appeared to increase
impulsive choice without observable effects on motivation. This suggests that, although
muscarinic receptors may play a critical role in food motivation, they may also be involved
in processes more directly underlying impulsive choice.
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Conclusions
The results of these experiments indicate that cholinergic receptors play multiple,
dissociable roles in different forms of cost–benefit decision making. The findings
concerning nicotinic receptors are of particular interest, as these receptors are a clinical
target in several conditions which prominently feature alterations in cost–benefit decision
making, including ADHD and addiction (Nakamura et al. 2007; Potter et al. 2006). Given
the diversity of nicotinic receptor subtypes, it will be important in future studies to
determine the roles of these subtypes (and the brain systems in which they act) in different
aspects of cost–benefit decision making. In addition, given evidence that drugs targeting
nicotinic receptors may exert different effects in individuals with different levels of baseline
performance on cost–benefit decision making tasks (Potter et al. 2011), future research
should also incorporate animal models of clinical conditions which capture features of
altered cost–benefit decision making (e.g., elevated impulsivity in animal models of ADHD
and addiction (Adriani et al. 2003; Setlow et al. 2009)). Ultimately, such research may prove
useful for guiding development of cholinergic therapies for these conditions.
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Fig. 1.
Choice performance in the probability discounting task following administration of low
(black triangles), middle (black squares), and high (black circles) doses of cholinergic drugs
was compared to performance following vehicle (white circles). Nicotine (a) increased
while scopolamine (d) decreased mean percent choice of the large reward. Atropine (e)
decreased choice of the large reward at high probabilities but increased choice at low
probabilities. Neither mecamylamine (b) nor oxotremorine (c) significantly affected choice
performance. Error bars indicate the standard error of the mean (SEM). *p<0.05 compared
to vehicle
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Fig. 2.
Choice performance in the probability discounting task following administration of a high
dose of nicotine (black circles) was compared to performance following vehicle (white
circles). Nicotine increased choice of the large reward in versions of the task with
descending (a) and shifting (c) large reward probabilities, but decreased choice of the large
reward in a version of the task with ascending large reward probabilities (b). Error bars
indicate the SEM. *p<0.05 compared to vehicle
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Fig. 3.
Choice performance in the delay discounting task following administration of low (black
triangles), middle (black squares), and high (black circles) doses of cholinergic drugs was
compared to performance following vehicle (white circles). Both scopolamine (d) and
atropine (e) decreased choice of the large reward, whereas nicotine (a), mecamylamine (b),
and oxotremorine (c) did not have any significant effects on choice performance. Error bars
indicate the SEM. *p<0.05 compared to vehicle
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