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Despite the fact that prefrontal cortex (PFC) function declines with age, aged individuals generally show
an enhanced ability to delay gratification, as evident by less discounting of delayed rewards in inter-
temporal choice tasks. The present study was designed to evaluate relationships between 2 aspects of
PFC-dependent cognition (working memory and cognitive flexibility) and intertemporal choice in young
(6 months) and aged (24 months) Fischer 344 � brown Norway F1 hybrid rats. Rats were also evaluated
for motivation to earn rewards using a progressive ratio task. As previously reported, aged rats showed
attenuated discounting of delayed rewards, impaired working memory, and impaired cognitive flexibility
compared with young. Among aged rats, greater choice of delayed reward was associated with preserved
working memory, impaired cognitive flexibility, and less motivation to work for food. These relationships
suggest that age-related changes in PFC and incentive motivation contribute to variance in intertemporal
choice within the aged population. Cognitive impairments mediated by PFC are unlikely, however, to
fully account for the enhanced ability to delay gratification that accompanies aging.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Intertemporal choice refers to decision making between options
at one time point that dictate outcomes arriving at a later time
point. Most individuals strongly prefer large over small rewards in
the absence of delays but reliably “discount” the subjective value of
the large reward the longer they have to wait for its delivery (Fobbs
and Mizumori, 2017; Green et al., 1994; Odum, 2011; Smits et al.,
2013; Vanderveldt et al., 2016). During adolescence and early
adulthood, the ability to wait for reward, or delay gratification, is
generally considered adaptive and is associated with better overall
life outcomes (Banich et al., 2013; Steinbeis et al., 2016). Indeed,
children and adolescents, as well as individuals with psychiatric
conditions such as attention-deficit hyperactive disorder and sub-
stance use disorders, reliably display elevated preference for im-
mediate over delayed rewards (Martinelli et al., 2016; Perry and
Carroll, 2008; Scheres et al., 2008, 2013). These disorders are also
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associated with, and have been in part attributed to, prefrontal
cortical-mediated cognitive deficits. For example, workingmemory,
which depends on the dorsolateratal prefrontal cortex (dlPFC) in
primates (Levy and Goldman-Rakic, 2000), is the ability to
temporarily hold the information in mind and to use such internal
representations to guide current and future action. As delaying
gratification requires the ability to maintain an internal represen-
tation of a prospective reward until its delivery, it is perhaps not
surprising that poor working memory is generally associated with
greater preference for small, immediate over large, delayed rewards
on intertemporal choice tasks (Gunn and Finn, 2013; Huckans et al.,
2011; Shamosh et al., 2008). Consistent with these associations,
damage to dlPFC in humans reduces the ability to forgo immediate
gratification in favor of delayed rewards (Bechara and Van Der
Linden, 2005; Figner et al., 2010), and cognitive training to
improve working memory abilities can increase choice of delayed
rewards on an intertemporal choice task (Bickel et al., 2011).

Deficits in working memory and other cognitive functions sup-
ported by the dlPFC are widely reported in older adults (Alexander
et al., 2012; Daigneault and Braun, 1993; Langley and Madden,
2000; MacPherson et al., 2002; Noda et al., 2017). In stark
contrast to the associations between working memory impairment
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and intertemporal choice described above, however, advanced age
is accompanied by an increased ability to forgo immediate gratifi-
cation in favor of delayed rewards (Green et al., 1996, 1999; Jimura
et al., 2013; Samanez-Larkin et al., 2011; Simon et al., 2010). In
humans, this preference for delayed rewards has largely been
ascribed to experiential factors (i.e., learning over the lifetime that
forgoing immediate over delayed rewards can be beneficial
[reviewed in Beas et al., 2015]). Importantly, however, our labora-
tory has shown that enhanced preference for delayed rewards in
aging is also evident in rats, inwhich experiential differences across
age groups are minimal. Specifically, Simon et al. (2010) assessed
intertemporal choice in young and aged Fischer 344 (F344) rats on a
task that presented discrete-trial choices between small, immedi-
ate, and large, delayed food rewards. Consistent with data from
human subjects, aged rats displayed greater preference for large,
delayed rewards compared with young (Simon et al., 2010). Other
work from our laboratory with F344 rats has identified age-related
deficits in tests of several forms of PFC-mediated executive func-
tion, including a delayed response task that assesses working
memory and an attentional set shifting task that assesses cognitive
flexibility (Bañuelos et al., 2014; Beas et al., 2013, 2017). Cognitive
flexibility is not as well characterized in the context of inter-
temporal choice; however, both an exaggerated ability to delay
gratification and behavioral inflexibility are associated with the
eating disorder anorexia nervosa (Steinglass et al., 2012; Tchanturia
et al., 2004), suggesting the possibility that such relationships may
exist. In addition, tasks used to study intertemporal choice in ro-
dents often incorporate a block design, which places demands on
cognitive flexibility as response contingencies shift over the course
of test sessions (Hamilton et al., 2015). As our laboratory has
reported both an enhanced ability to delay gratification (Simon
et al., 2010) and impaired cognitive flexibility (Beas et al., 2013,
2017) in aged rats, it is reasonable to hypothesize that cognitive
inflexibility in aged subjects may in part mediate age-associated
differences in intertemporal choice using the block task design
(Breton et al., 2015).

The current experiments were designed to test relationships
between age-associated impairments in PFC-dependent cognitive
functions and intertemporal choice. In addition, although much of
the previous work assessing decisionmaking in aged rat models has
employed rats of the F344 strain, the National Institute on Aging
also supports Fischer 344 � brown Norway F1 hybrid (FBN) rats.
Compared to F344 rats, FBN rats have better visual acuity and a
more robust aging phenotype, including both increased physical
vigor and an extended lifespan (36 months compared with
27 months for F344 rats; Spangler et al., 1994). These characteristics
render FBN rats ideal for aging research involving longitudinal
experimental designs or extended testing periods. As such, a sec-
ondary goal of the current experiments was to characterize both
PFC-mediated cognition and intertemporal choice in the FBN strain
to provide a behavioral context for future research on neural
mechanisms of age-related cognitive decline.

2. Methods

2.1. Subjects

Young (6 month old; n ¼ 12) and aged (24 month old, n ¼ 35)
male FBN rats were obtained from the National Institute on Aging
colony (Charles River Laboratories) and housed in the Association
for Assessment and Accreditation of Laboratory Animal Care
International-accredited vivarium facility in the McKnight Brain
Institute Building at the University of Florida in accordancewith the
rules and regulations of the University of Florida Institutional Ani-
mal Care and Use Committee and National Institutes of Health
guidelines. The facility was maintained at a consistent temperature
of 25 �Cwith a 12-hour light/dark cycle (lights on at 0600) with free
access to food and water except as otherwise noted. Rats were
acclimated to this facility for at least one week before the onset of
behavior testing.

An initial cohort of rats (total of n¼ 3 young and n¼ 9 aged) was
tested on the delayed response, set shifting, and progressive ratio
tasks, performed in that order. From this initial cohort, n ¼ 1 aged
rat died before completing the progressive ratio task. A second
cohort of rats (total of n ¼ 8 young and n ¼ 20 aged) was tested on
the intertemporal choice, delayed response, set shifting, and pro-
gressive ratio tasks, performed in that order. From this second
cohort, n¼ 6 aged rats died before completing theworkingmemory
task, and an additional n ¼ 3 aged rats died before completing the
set shifting task. Set shifting data were lost for an additional n ¼ 2
young and n ¼ 1 aged rats due to technical problems.

Across both cohorts, final group sizes for each task were: n ¼ 11
young and n ¼ 23 aged rats for working memory, n ¼ 9 young and
n¼ 19 aged rats for set shifting, n¼ 8 young and n¼ 20 aged rats for
intertemporal choice, and n ¼ 11 young and n ¼ 20 aged rats for
progressive ratio. A total of n ¼ 8 young and n ¼ 14 aged rats
completed both intertemporal choice and working memory, n ¼ 6
young and n ¼ 10 aged rats completed both intertemporal choice
and set shifting, and n ¼ 7 young and n ¼ 11 aged rats completed
both intertemporal choice and progressive ratio.

2.2. General behavioral testing procedures

2.2.1. Apparatus
Testing was conducted in 8 identical standard rat behavioral test

chambers (Coulbourn Instruments) with metal front and back
walls, transparent Plexiglas sidewalls, and a floor composed of steel
rods (0.4 cm in diameter) spaced 1.1 cm apart. Each test chamber
was housed in a sound-attenuating cubicle and was equipped with
a recessed food pellet delivery trough located 2 cm above the floor
in the center of the front wall. The trough was fitted with a pho-
tobeam to detect head entries and a 1.12 W lamp for illumination.
Food rewards consisted of 45-mg grain-based food pellets (PJAI;
Test Diet, Richmond, IN, USA). Two retractable levers were posi-
tioned to the left and right of the food trough (11 cm above the
floor), and a 1.12 W cue lamp was located 3.8 cm above each lever.
An additional 1.12 W house light was mounted near the top of the
rear wall of the sound-attenuating cubicle. A computer interfaced
with the behavioral test chambers and equipped with Graphic State
3.01 software (Coulbourn Instruments) was used to control exper-
iments and collect data.

2.2.2. Shaping
Behavioral testing commenced at least 1 week after rats arrived

in the vivarium. Before the start of testing, rats were food restricted
to 85% of their free-feeding weights over the course of 5 days and
maintained at this weight for the duration of testing. Rats pro-
gressed through 3 stages of shaping designed to train them to
reliably press each of the 2 response levers before starting task-
specific procedures. New shaping stages began on the day imme-
diately following completion of the previous stage.

On the day before shaping stage 1, each rat was given 5 45-mg
food pellets in its home cage to reduce neophobia to the food
reward used in the task. Shaping stage 1 consisted of a 64 minute
session of magazine training, involving 38 deliveries of a single food
pellet with an intertrial interval of 100 � 40 seconds. Shaping stage
2 consisted of lever press training, in which a single lever (left or
right, counterbalanced across age groups) was extended and a press
resulted in delivery of a single food pellet. After reaching a criterion
of 50 lever presses in 30 minutes, rats were then trained on the
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opposite lever using the same procedures. During shaping stage 3, a
nose poke into the food trough resulted in extension of the left or
right lever (counterbalanced across trials in this stage of testing),
and a lever press resulted in a single food pellet delivery. Rats were
trained in shaping stage 3 until achieving 80 lever presses in a
30 minutes session.

2.3. Procedures for the delayed response task used to assess
working memory

The design of this task was based on Sloan et al., 2006 and has
been used by our lab previously to demonstrate age-related
working memory impairments in F344 rats (e.g., Bañuelos et al.,
2014; Beas et al., 2013; McQuail et al., 2016).

2.3.1. Delayed response task description
Each 40 minute session began with illumination of the house

light, which remained illuminated throughout the entire session
except during timeout periods (see below). Rats received a single
test session each day. Each trial in the task beganwith the extension
of a single “sample” lever into the chamber. The sample lever (left
or right) was randomly selected within each pair of trials to ensure
equal representation of both levers across the test session. A press
on the sample lever caused it to retract and initiated the delay
interval. During the delay interval, rats were required to nose poke
into the food trough to minimize their use of mediating strategies
(e.g., positioning themselves in front of the sample lever during the
delay). The first nose poke executed after the delay interval expired
initiated the “choice” phase, in which both levers were extended.
During the choice phase, a response on the same lever pressed
during the sample phase was “correct” and resulted in the retrac-
tion of both levers and delivery of a food pellet into the food trough.
A nose poke into the food trough to retrieve the food initiated a
5-second intertrial interval, after which the next trial began.
A response on the opposite lever from that chosen during the
sample phase was “incorrect” and resulted in the retraction of both
levers and initiation of a 5-second “timeout” period during which
the house light was extinguished. Immediately following this
timeout, the house light was re-illuminated, signaling the start of
the next trial.

During initial sessions in this task, therewere no delays between
the sample and choice phases, and a correction procedure was used
such that the sample lever was repeated on the same side following
an incorrect response to reduce development of side biases. Once
rats reached a criterion of 80% correct choices across a test session
for 2 consecutive sessions, this correction procedure was dis-
continued and a set of 7 delays was introduced. The presentation of
delay durations was randomized within each block of 7 trials, such
that each delay was presented once within a block. On establishing
>80% correct responses across 2 consecutive sessions in a “delay
set”, rats were progressed to the next set, which contained
increasingly longer delays (delay set 1: 0, 1, 2, 3, 4, 5, 6 seconds;
delay set 2: 0, 2, 4, 8, 12, 16 seconds; delay set 3: 0, 2, 4, 8, 12, 18, and
24 seconds).

2.3.2. Delayed response statistical analyses
Raw data files were exported from Graphic State software and

compiled using a custom macro written for Microsoft Excel (Dr
Jonathan Lifshitz, University of Kentucky). Statistical analyses were
conducted in SPSS 24.0, using an alpha of p � 0.05 for this and all
other analyses. Huynh-Feldt corrections were used when sphericity
was violated.

Accuracy (percent correct at each delay) was the primary
measure of delayed response performance (Bañuelos et al., 2014;
Beas et al., 2013). On reaching delay set 3, performance accuracy
(% correct) was evaluated daily across a sliding 5-session window.
For each subject, stable performance was defined as a 5-session
window in which there was less than 10% variability in accuracy
across all delays. Performance at each delay was averaged across
these 5 sessions, and age comparisons were conducted using a
2-factor ANOVA, with age as a between-subjects factor and delay
(7 levels) as a within-subjects factor. Latency to respond during the
choice phase was also assessed in the same 5 sessions. Latency to
respond during the choice phase was calculated separately for
correct and incorrect trials (averaged across all delays). Latency
data were analyzed using a multi-factor ANOVA, with age as a
between-subjects factor, and choice type (2 levels, correct vs.
incorrect) as a within-subjects factor. Finally, the number of trials
completed per session was monitored and compared between ages
using an independent-samples Student t test.
2.4. Procedures for the set shifting task used to assess cognitive
flexibility

This task was originally developed by Floresco et al. (2008a) and
was used previously to demonstrate impaired cognitive flexibility
in aged Fischer 344 rats (e.g., Beas et al., 2013, 2017).

2.4.1. Side bias assessment
Rats were first assessed on a protocol designed to determine

their individual “side bias” or inherent preference for the left or
right lever. This protocol was composed of 45 trials, each of which
consisted of 2 phases. In the first phase of each trial, the house light
was illuminated and both levers extended into the test chamber. A
response on either lever resulted in the retraction of both levers and
delivery of a single food pellet. In the second phase of each trial,
both levers were extended into the chamber, but only a response on
the lever opposite to the choice made in the first phase was
rewarded. If the rat made an “incorrect” response (i.e., chose the
same lever as in the first phase), the levers were retracted and the
house light was extinguished. The second phase of the trial was
then repeated until the rat made a correct response, and then a new
trial was initiated. An individual rat’s “side bias” reflected the lever
position on which it made the greatest number of responses across
the entire test session.

2.4.2. Initial (visual cue) discrimination
The day after side bias determination, rats began discrimination

training on the initial (visual cue) discrimination learning rule. Each
20-second trial began by illuminating one of the cue lights posi-
tioned over the left or right lever for 3 seconds (the position was
randomly selected within each pair of trials). Both levers were then
inserted into the chamber for 4 seconds, during which the cue light
remained illuminated (the house light was also illuminated during
this phase). If the rat made a correct response (pressed the lever
beneath the cue light), both levers were retracted, the cue light was
extinguished, and a single food pellet was delivered. If the rat made
an incorrect response (pressed the lever opposite from the cue
light), the levers were retracted and the house light extinguished,
but no food was delivered. As in our previous work (Beas et al.,
2013, 2016), rats were trained on the visual cue discrimination for
a minimum of 30 trials and until reaching criterion performance of
8 consecutive correct choices. The visual discrimination task
included a maximum of 120 trials/session. If a rat failed to reach
criterion performance in the course of a single session, the task was
repeated on subsequent days. On reaching criterion performance,
the session was ended. To reinforce the formation of an attentional
“set”, on the day after reaching criterion performance, rats received
an additional session of 120 trials of visual discrimination training.
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2.4.3. Set shift (left/right) discrimination
The day after completing visual cue discrimination training, rats

received a “set shift” in which the contingencies for making a cor-
rect (reinforced) choicewere changed. The presentation of the trials
during the set shift was identical to that in the visual cue discrim-
ination phase of the task; however, to receive a food reward, rats
were now required to ignore the cue light and instead respond to a
particular lever position (either left or right, whichever was not
their “biased” side as determined during the side bias assessment)
to receive a food reward. Rats were trained on the set shift until
achieving criterion performance of 10 consecutive correct trials
(Beas et al., 2013, 2017). As in the initial discrimination phase, each
session included a maximum of 120 trials.

2.4.4. Set shifting statistical analyses
The total numbers of trials and errors required to achieve cri-

terion performance on the initial discrimination and set shift were
the primary measures of performance. In addition, errors during
the set shift were subdivided into those that were previously
reinforced (i.e., errors attributable to perseveration on the previ-
ously learned rule) and those that were never reinforced (i.e., errors
that were inconsistent with both the initial rule and the rule
following the set shift). Independent samples Student t tests were
used for age comparisons on all of these measures.
2.5. Procedures for the intertemporal choice task

This task was based on Cardinal et al., 2001 and Evenden and
Ryan, 1996 and was used previously to demonstrate age-related
alterations in decision making in Fischer 344 rats (Simon et al.,
2010). Before commencing the intertemporal choice task, rats
were trained in a shaping protocol to reinforce each lever with a
reward outcome. Briefly, rats nose poked into the food trough to
initiate the extension of 1 lever (either left or right, randomized
within every 2 trials), and a lever press resulted in a single food
pellet. After 2 consecutive days of 45 presses on each lever, rats
were advanced to the final intertemporal choice task.

2.5.1. Intertemporal choice task description
Each 80-minute session consisted of 5 blocks of 12 trials each.

Each 80-second trial began with a 10-second illumination of the
food trough and house lights. A nose poke into the food trough
during this time extinguished the food trough light and triggered
extension of either a single lever (forced choice trials) or of both
levers simultaneously (free choice trials). Each block consisted of 2
forced choice trials (1 for each lever) followed by 10 free choice
trials. Trials onwhich rats failed to nose poke during this 10-second
window were scored as omissions. The forced choice trials were
designed to remind rats of the delay contingencies in effect for that
block. A press on 1 lever (either left or right, counterbalanced across
age groups) resulted in 1 food pellet (the small reward) delivered
immediately. A press on the other lever resulted in 4 food pellets
(the large reward) delivered after a variable delay. The identities of
the levers remained consistent throughout testing. Failure to press
either lever within 10 seconds of their extension resulted in the
levers being retracted and lights extinguished, and the trial was
scored as an omission. Once either lever was pressed, both levers
were retracted for the remainder of the trial (i.e., the intertrial in-
terval). The duration of the delay preceding large reward delivery
decreased between each block of trials (60, 40, 20, 10, 0 seconds)
but remained constant within each block. The delays were pre-
sented in descending order to exclude the possibility that aged rats’
elevated preference for the large, delayed reward observed in our
previous work (Simon et al., 2010) was due to an impaired ability to
adjust choice behavior as delay contingencies changed across
blocks of trials (i.e., impaired cognitive flexibility).

2.5.2. Intertemporal choice statistical analyses
Percent choice of the large, delayed reward in each block of trials

was used as the primarymeasure of performance. Rats were trained
for 15 sessions, after which performancewas compared daily across
a sliding 5-session window using a 2-factor ANOVA (delay � ses-
sion) as in our previous work (Simon et al., 2007, 2010). Stability
was defined as the absence of both a main effect of session and a
session � delay interaction. Data from the first stable 5 session
block were averaged to calculate a mean percent choice of the large
reward at each delay (60, 40, 20, 10, 0 seconds). Age comparisons
were conducted using a 2-factor ANOVA, with age as a between-
subjects factor and delay (5 levels) as a within-subjects factor. La-
tency to lever press during the forced choice trials was also evalu-
ated, with mean latency calculated separately for large and small
reward choices at each delay (Shimp et al., 2015). Age comparisons
of latency data were conducted using a multifactor ANOVA, with
age as a between-subjects factor, and both choice type (2 levels,
small and large) and delay (5 levels) as within-subjects factors.

2.6. Procedures for the progressive ratio task

This task evaluated rats’ motivation to press a lever to obtain
food reward and was based on a design used previously by our lab
and others (Barr and Phillips, 1999; Cetin et al., 2004; Kheramin
et al., 2005; Mendez et al., 2009).

2.6.1. Progressive ratio task description
Instrumental responding for food reward was assessed using a

progressive ratio schedule of reinforcement, on which the number
of lever presses required to earn a reward increased with each
successive reward earned (1, 4, 10, 20, 35, .). Rats were tested in
the progressive ratio task for 7 consecutive sessions (1 session per
day). These sessions varied in length, ending only after 30 minutes
elapsed with no reward delivery.

2.6.2. Progressive ratio statistical analyses
The number of lever presses per session on the progressive ratio

task was used as the primary measure of performance. This value
was averaged across the final 3 test sessions to provide a mean
value for each rat, which was compared between young and aged
rats via an independent-samples Student t-test.

2.7. Relationships between intertemporal choice and cognitive/
motivational measures

Two approaches were used to assess relationships among
cognitive and motivational variables and intertemporal choice.
First, bivariate correlations were conducted between performance
on the intertemporal choice task (mean % choice of the large reward
across 60e10 second delay blocks) and primary measures of per-
formance on the delayed response (mean % accuracy at
18e24 seconds delays; Bañuelos et al., 2014), set shifting (number
of trials to reach criterion performance on the set shift; Beas et al.,
2017), and progressive ratio (mean number of lever presses across
the final 3 test sessions) tasks. These correlations were performed
separately for young and aged rats. Second, because attrition
resulted in a relatively small number of rats cross characterized on
some tasks, aged rats were divided (based on amean split) to create
subgroups corresponding to the upper and lower halves of the
distribution on each behavioral measure. Performance on the
intertemporal choice task was then compared between these sub-
groups and young rats using a 2-factor ANOVA (subgroup � delay)
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as in previous work from our laboratories and others (e.g., Beas
et al., 2013; Bizon et al., 2009; Leal et al., 2017; Lee et al., 2005;
Yoder et al., 2017).
3. Results

3.1. Influence of age on working memory (delayed response
performance)

A total of n ¼ 11 young and n ¼ 23 aged rats were tested in the
delayed response task to assess working memory (Fig. 1A). Both
young and aged rats acquired the working memory task at a similar
rate, with a similar number of sessions required to progress through
the shaping stages and reach the final (0e24 seconds) set of delays
(mean [SEM] number of shaping sessions: young ¼ 20.9 [1.34];
aged ¼ 21.6 [1.45]; t(32) ¼ 0.305, p ¼ 0.763). As described above,
trials in the delayed response task were self-paced across the
40-minute session. Although aged rats completed fewer trials than
young rats (t(32) ¼ 2.189, p ¼ 0.036), the magnitude of this differ-
ence was small (mean [SEM] total trials: young: 140.6 [1.4]; aged:
127.1 [4.2]), with both young and aged rats completing a mean of
more than 18 trials at each delay per session.

Fig. 1B shows mean accuracy of young and aged rats in the
delayed response task. A 2-factor ANOVA (age � delay) was used to
compare the effects of age on working memory accuracy across
delays. A main effect of delay (F(6, 192) ¼ 79.889, p < 0.0001) indi-
cated that all rats decreased accuracy as the delay interval over
which they had to remember the sample lever position increased.
Across delays, however, aged rats performed significantly worse
than young (main effect of age: F(1, 32) ¼ 6.642, p ¼ 0.015) and were
disproportionally less accurate than young as delays increased
(delay � age interaction: F(6, 192) ¼ 2.886, p ¼ 0.041).

The design of the delayed response task required rats to nose
poke into the food trough during the delay phase of the trials in
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Fig. 1. (A) Schematic of the delayed response task, illustrating the 3 phases of each
trial. (B) Performance (% accuracy) in the delayed response task of young and aged rats.
Aged rats were disproportionately impaired relative to young at long delays. (C) La-
tency to lever press during the choice phase of trials on the delayed response task
(averaged across delays). Rats were slower on incorrect trials than correct trials and
aged rats were slower than young, but there was no interaction between the 2
variables.
order to initiate the choice phase (lever extension); hence, the
actual delay durations could depend on how rapidly rats nose
poked following the end of the delay interval. To determine
whether age differences in actual delay durations might account
for differences in choice accuracy, a 2-factor ANOVA (age � delay)
compared actual durations between young and aged rats. Consis-
tent with our previous findings in F344 rats (Beas et al., 2013), the
actual delay durations were slightly longer than the programmed
durations (see Table 1); but there was neither a main effect of age
(F(1, 32) ¼ 3.637, p ¼ 0.066) nor an age � delay interaction (F(6,
192) ¼ 1.961, p ¼ 0.157), indicating that age differences in experi-
enced delays likely did not account for impaired choice accuracy in
aging.

Previous studies using operant procedures have shown that
latency to respond on a choice trial tends to reflect the certainty of
the choice, with subjects taking more time to respond on incorrect
compared with correct trials (Abraham et al., 2004, 2012; Higgins
et al., 2007; Yoder et al., 2015), and choice latency has been
shown to increase with choice uncertainty (or decreased confi-
dence) in humans (Rutishauser et al., 2015). In addition, given that
both slower reaction times and reduced speed of processing have
been reported in aged subjects (Grottick and Higgins, 2002; Muir
et al., 1999), analysis of response latencies could help identify the
extent to which accuracy differences in aged rats are influenced by
reaction speed or other nonmnemonic factors. Fig. 1C shows the
latency to respond in the “choice” phase of the delayed response
trials. A 2-factor ANOVA (age � trial type (correct vs. incorrect,
averaged across all delays)) revealed a main effect of age
(F(1, 32) ¼ 4.207, p ¼ 0.049), with aged rats having longer choice
latencies compared with young rats, irrespective of trial type. A
main effect of trial type on latency to respond was also evident
(F(1, 32) ¼ 5.736, p ¼ 0.023) such that both young and aged rats took
longer to respond before making incorrect compared with correct
choices. No interaction was present, however, between choice
accuracy and age (F(1, 32) ¼ 0.137, p ¼ 0.714).
3.2. Influence of age on cognitive flexibility (set shifting
performance)

A total of n ¼ 9 young and n ¼ 19 aged rats were tested in the
set shifting task used to assess cognitive flexibility (Fig. 2A). There
was no age difference in the magnitude of lever bias in the side
bias determination session conducted before acquisition of the
initial (visual) discrimination (mean [SEM] ratio of the number of
presses on the preferred vs. nonpreferred side: young ¼ 1.928 �
0.397; aged ¼ 1.625 � 0.106; t(26) ¼ 0.979, p ¼ 0.337). On the visual
discrimination, young and aged rats took similar numbers of trials
to reach criterion performance (Fig. 2B; t(26) ¼ 0.547, p ¼ 0.589). In
addition, there was no difference in performance (percent accu-
racy) in the session following acquisition of the visual discrimi-
nation that was used to reinforce the attentional “set”
(t(26) ¼ 0.423, p ¼ 0.676). In contrast, aged rats took more trials to
reach criterion performance after the reinforcement contingencies
were shifted (i.e., ignore the light cue and only respond to the
position of the lever; Fig. 2C; t(26) ¼ 2.047, p ¼ 0.05). Aged rats also
made numerically more errors than young during acquisition of
the set shift discrimination, although this difference did not reach
Table 1
Actual delay durations (in seconds) in the delayed response working memory task

Programmed delays 0 2 4 8 12 18 24

Actual delays: young 0.70 2.32 4.48 8.70 12.84 18.93 25.05
Actual delays: aged 1.11 2.52 4.69 9.25 13.49 19.82 26.14
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statistical reliability (total errors: t(26) ¼ 1.475, p ¼ 0.152; previ-
ously reinforced errors: t(26) ¼ 1.259, p ¼ 0.219; never-reinforced
errors: t(26) ¼ 1.458, p ¼ 0.157). Finally, there was no correlation
between performance on the delayed response and set shifting
tasks among either aged (r ¼ 0.011, p ¼ 0.963) or young (r ¼ 0.391,
p ¼ 0.299) rats.

3.3. Influence of age on motivation to press a lever for food
(progressive ratio performance)

A total of n ¼ 11 young and n ¼ 20 aged rats were tested on a
progressive ratio schedule of reinforcement to provide a measure of
incentivemotivation for food. Three rats (n¼1 young andn¼ 2 aged
rats) were statistical outliers on this task, (with numbers of lever
presses greater than 2 times the standard deviation of their
respective age group means) and were excluded from further anal-
ysis. After 4 sessions of training on this task, rats received 3 sessions
of testing, which were averaged and compared between young and
aged rats. A t-test comparingmean lever presses betweenyoung and
aged rats trended toward an effect of age (t(26) ¼ 1.942, p ¼ 0.063),
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Fig. 3. (A) Performance (number of lever presses) on the progressive ratio task. Bars repres
lever presses than young but this difference did not reach statistical reliability. (B) Scatterp
mance among aged rats. (C) Scatterplot showing relationship between progressive ratio an
such that aged rats reached their breakpoints with fewer lever
presses than young. As shown in Fig. 3A, which depicts both mean
and individual rat performance on this task, it is notable that the age
differences on progressive ratio were not large in magnitude, with
the vast majority of aged rats falling within the range of young. As
shown in Fig. 3B and C, among aged rats, there were no significant
correlations between either working memory and progressive ratio
performance (r ¼ �0.008, p ¼ 0.975) or set shifting and progressive
ratio performance (r ¼ 0.408, p ¼ 0.104). There were also no
relationships between these measures among young rats (working
memory and progressive ratio, r¼�0.111, p¼ 0.761; set shifting and
progressive ratio, r ¼ �0.513, p ¼ 0.157).

3.4. Influence of age on intertemporal choice

A total of n ¼ 8 young and n ¼ 20 aged rats were tested in the
intertemporal choice task (Fig. 4A). Unlike the self-paced delayed
response task, the intertemporal choice task used a block design
with fixed numbers of trials per block. Young and aged rats did not
differ in their percentage of omitted trials (mean percentage [SEM]
omitted trials: young: 0.307% (�0.308); aged: 1.11% (�0.382);
t(26) ¼ 1.257, p ¼ 0.220). On the primary measure of intertemporal
choice task performance, a 2-factor ANOVA (delay� age) confirmed
that young and aged rats’ preference for the large, delayed reward
increased as delays to the large reward decreased (i.e., shorter
delays increased the value of the large reward relative to the small
reward; Fig. 4B; F(4, 104) ¼ 126.603, p < 0.0001). A delay � age
interaction, however, indicated that aged rats showed a dispro-
portionately greater preference for the large reward at long delays
(F(4, 104) ¼ 3.553, p ¼ 0.017).

As described above, latency measures can provide information
beyond that provided by binary choice behavior. In this task design,
rats are required to choose between 2 levers, both of which are
associated with rewards. Once the lever contingencies are learned,
the latency to respond likely reflects the current incentive value of
the associated reward (Bohn et al., 2003; Calaminus and Hauber,
2007; Holland and Straub, 1979; Sage and Knowlton, 2000;
Schoenbaum et al., 2004). Forced choice trials, on which only 1
lever was presented, preceded each block of choice trials to signal
the contingencies in effect for that trial block. These trials provided
an opportunity to analyze latency to respond for each reward type,
at least partially independent of the value of the other reward
(Shimp et al., 2015). Response latencies (time from lever insertion
to lever press) on these forced choice trials are shown for young and
aged rats across delay blocks in Fig. 4C and D, respectively. A
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3-factor ANOVA (reward type [large or small] � delay block
[60e0 seconds] � age [young or aged]) confirmed a main effect of
delay block (F(4, 104) ¼ 3.184, p ¼ 0.048), indicating that there were
reliable differences in latency across delay blocks in both young and
aged rats. While there was no main effect of reward type
(F(1, 26) ¼ 1.090, p ¼ 0.306), there were significant interactions be-
tween age and delay block (F(4, 104)¼ 4.198, p¼ 0.003), and between
age and reward type (F(1, 26) ¼ 6.317, p ¼ 0.018). These interactions
reflected the fact that, consistent with the influence of age on
choice trials, the patterns of latency differences across delay blocks
were distinct between young and aged rats. While young rats took
longer to respond for the large, delayed reward when the delay
interval was long (e.g., 60 seconds), aged rats took longer to respond
for the small reward when delay intervals to reward delivery were
absent or short (e.g., 0e20 seconds). Importantly, there was no
main effect of age on response latencies (F(1, 26) ¼ 0.045, p ¼ 0.833),
suggesting an absence of obvious age differences in motor or
motivational abilities necessary for task performance.
3.5. Relationships between age-associated cognitive and
motivational factors and performance on the intertemporal choice
task

The overarching motivation for these experiments was to
determine relationships between age-associated changes in
cognitive and motivational factors and intertemporal choice. These
relationships were initially assessed by conducting bivariate cor-
relations between performance on the intertemporal choice task,
and on the delayed response, set shifting, and progressive ratio
tasks. In addition, given that attrition resulted in relatively small
group sizes on some tasks, relationships were also assessed by
subgrouping aged rats (via a mean split) on the basis of their per-
formance in the delayed response, set shifting, or progressive ratio
tasks. Intertemporal choice was then evaluated in these subgroups
(e.g., intertemporal choice was compared among young rats, aged
rats with “best” working memory, and aged rats with the “worst”
working memory).

On the delayed response task, better working memory among
aged rats was associated with a greater ability to delay gratification
and to wait longer for larger rewards (Fig. 5A and B). This was
reflected in both a significant correlation between delayed response
and intertemporal choice performance (r ¼ 0.545, p ¼ 0.044) and a
significant group � delay interaction in the 2-factor ANOVA (main
effect of group, F(2, 19) ¼ 2.892, p¼ 0.080; group� delay interaction,
F(8, 76) ¼ 2.930, p ¼ 0.011). Follow-up 2-factor ANOVAs (pairwise
comparisons between individual subgroups) further revealed that
the aged working memory-unimpaired subgroup had significantly
greater choice of the large, delayed reward on the intertemporal
choice task compared with young rats (F(1, 14) ¼ 4.782, p ¼ 0.046)
and trended toward different from agedworkingmemory-impaired
rats (F(1, 12) ¼ 3.897, p ¼ 0.072), whereas aged working memory-
impaired and young rats did not differ (F(1, 12) ¼ 0.322, p ¼ 0.581).

On the set shifting task, better cognitive flexibility among aged
rats was associatedwith reduced choice of delayed gratification and
greater preference for the small, immediate reward (Fig. 5C and D).
Worse set shifting was generally associated with a greater prefer-
ence for large, delayed rewards on the intertemporal choice per-
formance, although this relationship did not reach statistical
reliability (r¼ 0.614, p¼ 0.059). The 2-factor ANOVA comparing the
subgroup performance on the intertemporal choice task, however,
revealed both a main effect of group (F(1, 13) ¼ 4.022, p ¼ 0.044) and
a group � delay interaction (F(8, 52) ¼ 3.280, p ¼ 0.006). Follow-up
pairwise comparisons showed that the aged set shifting-impaired
subgroup had significantly greater choice of the large, delayed
reward compared with both aged set shifting-unimpaired
(F(1, 8) ¼ 5.404, p ¼ 0.049) and young rats (F(1, 8) ¼ 9.913,
p ¼ 0.014), whereas aged set shifting-unimpaired and young rats
did not differ (F(1, 10) ¼ 0.007, p ¼ 0.935).

On the progressive ratio task, more lever presses (greater reward
motivation) were associated with reduced choice of delayed grati-
fication and greater preference for the small, immediate reward
(Fig. 5E and F). This was reflected in both a significant correlation
between progressive ratio and intertemporal choice performance
(r¼�0.636, p¼ 0.035) and a significant group� delay interaction in
the 2-factor ANOVA (main effect of group, F(1, 15) ¼ 1.320, p ¼ 0.297;
group � delay interaction, F(8, 60) ¼ 2.568, p ¼ 0.026). Follow-up
pairwise comparisons between individual subgroups further
revealed that aged rats with lower breakpoints had significantly
greater choice of the large reward at longer delays compared with
both aged rats with higher breakpoints (significant group � delay
interaction: F(4, 44) ¼ 3.586, p ¼ 0.024) and young rats (significant
group� delay interaction: F(4, 40) ¼ 4.147, p¼ 0.010), but there were
no differences between aged rats with higher breakpoints and
young rats (main effect of group: F(1, 9) ¼ 1.552, p ¼ 0.244;
group � delay interaction: F(4, 36) ¼ 0.432, p ¼ 0.757).

Finally, no relationships were observed in young rats between
performance on the intertemporal choice task and performance on
the delayed response (r¼�0.409, p¼ 0.315); set shifting (r¼ 0.457,
p ¼ 0.363) or progressive ratio (r ¼ �0.149, p ¼ 0.751) tasks.

4. Discussion

4.1. Aging is associated with greater preference for delayed
gratification

Intertemporal choice is a form of prospective decision making
that involves deliberation between options that dictate outcomes
(e.g., rewards) occurring at some point in the future. While almost
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Fig. 5. Relationships between performance on the delayed response, set shifting, and progressive ratio tasks with performance on the intertemporal choice task among aged rats. (A)
Mean performance across 18 and 24 seconds delays on the delayed response task plotted against performance in the intertemporal choice task (mean % choice of the large reward
from 60 to 10 seconds) among aged rats. Aged rats with better working memory showed greater preference for delayed gratification. (B) Performance on the intertemporal choice
task in young rats as well as aged rats split on the basis of their delayed response task performance into “working memory (WM) impaired” and “working memory (WM) un-
impaired” subgroups. Aged rats with better working memory showed enhanced preference for delayed gratification compared with both young and aged working memory impaired
rats. (C) Mean set shifting performance (trials to criterion) plotted against performance in the intertemporal choice task (mean % choice of the large reward from 60 to 10 seconds)
among aged rats. (D) Performance on the intertemporal choice task in young rats as well as aged rats split on the basis of their set shifting task performance into “set shifting (SS)
impaired” and “set shifting (SS) unimpaired” subgroups. Aged rats with worse cognitive flexibility showed enhanced preference for delayed gratification compared with both young
and aged set shifting unimpaired rats. (E) Mean progressive ratio performance (number of lever presses) plotted against performance in the intertemporal choice task (mean %
choice of the large reward from 60 to 10 seconds) among aged rats. Aged rats that were less motivated to earn food rewards showed greater preference for delayed gratification. (F)
Performance on the intertemporal choice task in young rats as well as aged rats split on the basis of their progressive ratio task performance into “progressive (PR) ratio high
breakpoint” (more lever presses) and “progressive ratio (PR) low breakpoint” (fewer lever presses) subgroups. Aged rats with lower breakpoints showed enhanced preference for
delayed gratification compared with both young and aged high breakpoint rats.
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all subjects will choose large over small rewards when both re-
wards are available immediately, preference for large rewards tends
to decrease the longer a subject is required towait for their delivery
(i.e., the delay to reward delivery “discounts” the value of the large
reward). In comparison to young adult rats, aged FBN rats in the
present study showed attenuated discounting of delayed rewards,
with aged rats maintaining greater preference for the large reward
compared with young, even at the longest delay interval tested
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(60 seconds). These findings from aged FBN rats are consistent with
previous findings from other rat strains and across species
(Eppinger et al., 2012, 2013; Green et al., 1994, 1996, 1999;
Samanez-Larkin et al., 2011; Simon et al., 2010). Notably, in the
present study, the age-associated change in preference for delayed
rewards was reflected not only in actual choices but also in the rats’
latency to respond on the levers associated with the small versus
large rewards (Fig. 4C and D). Overall, response latencies on the
intertemporal choice task (averaged across all choices) did not
differ between young and aged rats, demonstrating that aged rats
maintain the physical vigor to complete procedural aspects of this
task. Interactions among age, delay, and reward type were
observed, however, such that young rats generally showed shorter
latencies to choose the small, immediate reward, whereas aged rats
showed shorter latencies to choose the large, delayed reward.
Response latencies have been suggested to reflect the incentive
properties of rewards, and to represent a more sensitive measure of
preference compared with the evaluation of discrete choices
(Abraham et al., 2004, 2012; Higgins et al., 2007; Schoenbaum et al.,
2004; Yoder et al., 2015). The fact that aged rats’ large reward
latencies were unchanged by delay (as opposed to young rats, for
which large reward latencies were greater at long than short
delays) suggests that the incentive properties of the large reward
remained high even when delay intervals were long and the large
reward was less frequently chosen than the small reward.

4.2. Working memory impairments and intertemporal choice in
aged rats

Performance on the delayed response working memory task
was significantly impaired in aged compared with young adult rats,
a result similar to those observed previously in aged F344 rats in the
same task (Beas et al., 2013; Dunnett et al., 1988; McQuail et al.,
2016) as well as in aged monkeys and humans (Lamar and
Resnick, 2004; Oscar-Berman and Bonner, 1985; Rapp and Ama-
ral, 1989; Shamy et al., 2011). Importantly, aged rats performed
comparably to young adults at short delays, demonstrating intact
abilities to conduct the procedural aspects of the task and sug-
gesting that the deficit in aged rats was specific to maintenance of
the position of the sample lever over longer delays. While aged rats
completed fewer trials per session than young adults, the aged rats
still completed an average of more than 18 trials at each delay per
session. This high number of trials indicates that aged rats are
readily able to complete the procedural demands of the delayed
response task. Aged rats did demonstrate somewhat longer la-
tencies than young adults to choose a lever during the choice phase
of the trials (potentially accounting for the modest reduction in the
number of trials completed). In isolation, such longer response la-
tencies might be indicative of motor deficits in aged rats; however,
the fact that aged rats’ response latencies were comparable to
young in the intertemporal choice task argues against this inter-
pretation. Instead, longer response latencies in aged rats could
reflect “cognitive slowing”, or a decline in the speed at which the
neural computations required for delayed response performance
are conducted (Salthouse, 2000). Consistent with the idea that
choice latencies in this task reflect (at least in part) cognitive pro-
cessing speed, both young and aged rats had longer latencies pre-
ceding incorrect compared with correct choices, potentially
reflecting uncertainty in their choices (Rutishauser et al., 2015).
While the current data suggest possible processing speed deficits in
aged rats, such decline cannot fully account for aged rats’ decreased
choice accuracy as aged rats showed longer latencies than young on
both correct and incorrect trials (i.e., there was no interaction
between age and choice accuracy [Salthouse, 1992, 1994]). Future
experiments that tax processing speed with time-limited trials or
manipulations that increase cognitive load may be useful for better
dissociating the degree to which cognitive slowing contributes to
working memory deficits in rat models.

A primary goal of these experiments was to determine how
impairments in executive function contribute to age-related alter-
ations in intertemporal choice. Among young adult subjects (both
rats and humans), better working memory is associated with
greater choice of large, delayed over small, immediate rewards,
possibly due to a greater ability to maintain representations of
future events (Bobova et al., 2009; Shamosh et al., 2008; Shimp
et al., 2015). In the present study, the age group differences in
working memory do not easily account for the age group difference
in intertemporal choice, as overall, aged rats demonstrated worse
working memory than young but greater choice of the large
delayed reward (i.e., aged rats showed a greater ability to delay
gratification). This mismatch between the effects of age on the 2
tasks suggests that factors beyondworkingmemory account for age
differences in intertemporal choice. It is notable, however, that
when examining individual performance among aged population,
rats with better working memory did show greater preference for
the large, delayed rewards. Together, these patterns of performance
suggest that, within the aged population, declining working
memory could drive subjects toward greater preference for
immediate gratification, but that other factors, such as age-related
changes in cognitive flexibility or motivation (see Sections 4.3 and
4.4 below), must be involved in driving the increased preference for
delayed rewards in aged compared with young rats.

4.3. Set shifting impairments and intertemporal choice in aged rats

Similar to the findings in the delayed response task, aged FBN
rats were impaired relative to young adults on the set shifting task,
which required them to shift from a previously learned response
rule (visual cue discrimination) to a new rule (left/right discrimi-
nation) after it stopped producing the desired outcome. This age
difference could not be accounted for by general discrimination
learning deficits, as aged rats performed comparably to young on
the initial discrimination rule. These results are in agreement with
previously reported results using a multidimensional set shifting
paradigm in aged FBN rats (Nieves-Martinez et al., 2012) and are
comparable with studies shown previously in aged rats of other
strains, as well as aged monkeys and humans (Alexander et al.,
2012; Barense et al., 2002; Beas et al., 2013, 2017; Berg, 1948;
Moore et al., 2003). Together, these findings suggest that deficits
in cognitive flexibility are a common feature of aging.

In contrast to the results described above which show a positive
relationship between choice of the large, delayed reward and
workingmemory, therewas an inverse relationship between choice
of the large, delayed reward and cognitive flexibility (greater choice
of the large, delayed reward was associated with worse set shifting
performance). As aged rats were impaired relative to young on the
set shifting task, this finding suggests that deficits in cognitive
flexibility could account for aged rats’ preference for the large,
delayed reward. Indeed, it has been suggested that such an inter-
pretation could account for results of our previous work in F344
rats, in which aged rats maintained their preference for the large
reward across blocks of trials in which the delay to the large reward
increased (Breton et al., 2015; Simon et al., 2010). In other words, it
could be the case that the maintained preference for the large
reward observed in that study reflected not the aged rats’ prefer-
ence for that choice, but rather an inability to flexibly shift to the
small reward lever across blocks of trials as the delays to the large
reward increased. In the present study, however, the sequence of
the reward/delay contingencies was intentionally reversed, such
that the first block required choices between a small, immediate
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reward and a large reward delivered after 60 seconds. Aged rats
showed enhanced choice of the large, delayed reward in the first
block of trials (before any shifts in large reward delays), suggesting
that failures to adapt choice strategies in response to changes in
reward delays cannot easily account for aged rats’ performance
compared with young.

Previous work from our laboratory showed an inverse rela-
tionship between working memory and cognitive flexibility among
aged F344 rats, such that aged rats that performed accurately on the
delayed response task at long delays performed poorly on the set
shifting task, and vice versa. This relationship was not evident
among aged FBN rats in the present study, likely in part because of
reduced parametric space in which to detect such relationships,
given themore restricted range of delayed response performance in
aged rats (75%e90% accuracy at the 18e24 seconds delays in FBN
rats compared with 55%e85% in our previous work in F344 rats,
Beas et al., 2013). Notably, however, there were opposite relation-
ships with intertemporal choice between cognitive flexibility and
working memory among aged rats (i.e., greater choice of the large,
delayed reward was associated with better working memory but
worse cognitive flexibility). These opposite relationships suggest
that, as in F344 rats, the 2 forms of executive function are inversely
related, although future studies with a broader range of working
memory performance will be needed to more fully evaluate this
hypothesis.

4.4. Reward motivation and intertemporal choice in aged rats

On the progressive ratio task, aged rats on average made
numerically fewer lever presses than young prior to reaching
breakpoint, although this difference was not statistically reliable.
This finding of relatively minimal age differences in motivation to
work for reward is consistent with our previous findings in aged
F344 rats (Simon et al., 2010), as well as with other data in this rat
strain (e.g., Frutos et al., 2012). Reward motivation also did not
appear to account for either working memory or cognitive flexi-
bility deficits in aged rats, as there were no relationships between
progressive ratio and delayed response or set shifting performance.
Considered together, these data suggest that age differences in
executive functions cannot easily be attributed to impaired reward
motivation. In contrast, there was a significant relationship
between performance on the progressive ratio and intertemporal
choice task, such that aged rats that were less motivated to obtain
reward on the progressive ratio task (fewer lever presses) displayed
greater preference for the large, delayed rewards. This relationship
could be viewed as counterintuitive, as greater reward (incentive)
motivation might be expected to drive the preference for the large
reward despite the additional costs of the delay. Greater reward
motivation might also be expected to bias choices toward the more
immediate reward, however, as its immediacy could endow it with
greater incentive salience despite its smaller magnitude (Berridge,
2007). The fact that response latencies were shorter for the small
reward than for the large reward at long delays in young rats
(Fig. 4C) is consistent with the idea that reward immediacy can
confer greater incentive salience than reward magnitude (although
note that incentive motivation is only one of several factors that can
bias choice behavior, and that sufficiently long delays or large
reward magnitudes could overshadow any motivational in-
fluences). Several prior studies in young rats that have compared
intertemporal choice with reward motivation using progressive
ratio schedules of reinforcement have yielded conflicting results,
however, finding either greater foodmotivation associated with less
preference for immediate reward, or no relationship between the 2
variables (Marshall et al., 2014; Narayanaswami et al., 2013). Irre-
spective of the underlying mechanisms, the relationship between
the progressive ratio and intertemporal choice tasks observed in
the present study does suggest that age-associated reductions in
incentive motivation may be an important contributor to the
greater preference for large, delayed rewards observed in aged
subjects. Future work directed at manipulating underlying neuro-
biology related to both cognitive and motivational circuits in aged
rats should more fully elucidate these relationships.

4.5. Neural mechanisms supporting altered intertemporal choice
and executive functions in aging

Aging is accompanied by a range of neural alterations in brain
systems that mediate intertemporal choice, executive functions,
and reward motivation (Bailey et al., 2016; Bickel et al., 2011; Sasse
et al., 2017; Shamosh et al., 2008). For example, biochemical, elec-
trophysiological, and pharmacological evidence indicates that the
normal balance of excitatory and inhibitory signaling within the
mPFC is markedly altered with advanced age (Bañuelos et al., 2014;
Beas et al., 2017; Carpenter et al., 2016; McQuail et al., 2016). Such
alterations have been linked to impaired working memory and
cognitive inflexibility and could directly account for some propor-
tion of the variance in intertemporal choice inasmuch as working
memory and/or cognitive flexibility contribute to the increased
ability of aged rats to delay gratification. In addition to these
cognitive capacities supported directly by the mPFC, this brain
region is highly interconnected with other brain regions implicated
in intertemporal choice, cognitive flexibility, and incentive moti-
vation, including the orbitofrontal cortex, ventral striatum, and
basolateral amygdala (Bailey et al., 2016; Churchwell et al., 2009;
Floresco et al., 2008b; Ghods-Sharifi et al., 2009; Hosking et al.,
2014; Ishikawa et al., 2008; Jimura et al., 2013; McClure et al., 2004;
Samanez-Larkin et al., 2011; Smith et al., 2016; Stalnaker et al.,
2009; Tye and Janak, 2007; Wassum and Izquierdo, 2015; Win-
stanley et al., 2004). Age-associated shifts in excitatory/inhibitory
dynamics within PFC may also influence intertemporal choice by
altering interactions with these brain regions that integrate
cognitive andmotivational variables. The current findings provide a
framework for future studies in which to probe both the circuit and
molecular drivers of age-associated alterations in intertemporal
choices.

5. Conclusion

The results of this study show that, consistent with previous
work in both humans and other rat strains, aging is accompanied by
increased preference for large, delayed over small, immediate
rewards (i.e., greater ability to delay gratification). Comparisons
with performance on other behavioral tasks suggest that executive
functions (working memory and cognitive flexibility) and reward
motivation could at least partially account for both group differ-
ences (between young and aged) and individual differences among
aged rats in intertemporal choice. In addition, the results of these
experiments provide the most comprehensive cognitive charac-
terization to date of aged FBN rats. Rats of this strain have consid-
erable utility in studies of cognitive aging due to their long lifespan
and relatively robust health, and the current results will provide a
useful framework for future studies of neural mechanisms of
cognitive aging. There is growing appreciation that age-related
changes in decision making can cause declines in health and
finances (James et al., 2012; Weierich et al., 2011), and hence a
better understanding of such changes has the potential to enhance
quality of life for older adults. Finally, it should be noted that al-
terations in intertemporal choice are thought to play a major role in
several psychiatric conditions, particularly in substance use and
attention-deficit hyperactivity disorders, which are characterized
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by elevated preference for small, immediate rewards, or “impulsive
choice.” Investigation of intertemporal choice in aging, in which
preference for small, immediate rewards declines, has the potential
to yield novel insights about how behavioral and neural mecha-
nisms can support such behavior, which could ultimately lead to
new approaches for reducing impulsivity.
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