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Abstract

The ability to make advantageous choices among outcomes that differ in magnitude, probability, and delay until their arrival is critical
for optimal survival and well-being across the lifespan. Aged individuals are often characterized as less impulsive in their choices than their
young adult counterparts, demonstrating an increased ability to forgo immediate in favor of delayed (and often more beneficial) rewards. Such
“wisdom” is usually characterized as a consequence of learning and life experience. However, aging is also associated with prefrontal cortical
dysfunction and concomitant impairments in advantageous choice behavior. Animal models afford the opportunity to isolate the effects of
biological aging on decision-making from experiential factors. To model one critical component of decision-making, young adult and aged
Fischer 344 rats were trained on a two-choice delay discounting task in which one choice provided immediate delivery of a small reward and
the other provided a large reward delivered after a variable delay period. Whereas young adult rats showed a characteristic pattern of choice
behavior (choosing the large reward at short delays and shifting preference to the small reward as delays increased), aged rats maintained a
preference for the large reward at all delays (i.e., attenuated “discounting” of delayed rewards). This increased preference for the large reward
in aged rats was not due to perceptual, motor, or motivational factors. The data strongly suggest that, independent of life experience, there are
underlying neurobiological factors that contribute to age-related changes in decision-making, and particularly the ability to delay gratification.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

People are faced with numerous decisions throughout their
lives, the consequences (outcomes) of which significantly
impact their survival and quality of life. Often such decisions
include temporal considerations, in which a delay imposed
between a choice and the arrival of its corresponding outcome
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can substantially alter the desirability of that outcome. For
example, individuals will virtually always choose a large over
a small reward when the delay to delivery of the large reward
is short; however, as the delay to the large reward increases,
its subjective value decreases, or is “discounted”, making the
small reward more preferable. This phenomenon, known as
delay discounting, is well documented in a variety of set-
tings, and all subjects reliably demonstrate it to some degree
(Ainslie, 1975; Green et al., 1996; Rachlin and Green, 1972;
Winstanley et al., 2006a). However, the degree of discounting
can be modified substantially by factors including pharma-
cological agents, genetic background, and age (Bickel et al.,
1999; Cardinal et al., 2001, 2000; Clark et al., 2004; Green
et al., 1994; Kirby and Petry, 2004; Petry, 2001b; Simon et
al., 2007).

Children and adolescents discount delayed rewards to
a greater degree than adults (i.e. — the “impulsivity of
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youth” — (Green et al., 1994, 1996)). However, surpris-
ingly little is known about how more advanced ages affect
this component of decision-making, an issue of increas-
ing importance as average life expectancy continues to
rise (FIFARS, 2005). Anecdote suggests that aged indi-
viduals are less impulsive than their younger counterparts.
Consistent with this perception, Green et al. (1994, 1996)
reported that 70-year olds discount delayed rewards to a
lesser extent than do 20-year olds. In contrast, behavioral
economic models suggest that aged individuals should con-
sider their reduced number of remaining years when making
decisions, and therefore should discount delayed rewards to a
greater extent than younger individuals (Sozou and Seymour,
2003). In agreement with such models, some aged sub-
jects show disadvantageous choice behavior in laboratory
tests of decision-making such as the Iowa Gambling Task
(Denburg et al., 2005; Fein et al., 2007). Furthermore, func-
tional studies in both animal and human subjects show that
prefrontal cortical areas (particularly orbitofrontal cortex)
involved in decision-making processes may be compromised
at advanced ages (Lamar and Resnick, 2004; Lamar et al.,
2004; Schoenbaum et al., 2006; West, 1996).

The influence of environmental factors on delay dis-
counting (Dixon et al., 2003; Green et al., 1996; Petry,
2001a) renders comparisons between young adult and aged
humans difficult to interpret. For example, among many pos-
sible interpretations, such age-related differences in delay
discounting could reflect differing degrees of opportunity
for learning about the benefits of waiting for rewards (i.e.,
learning that “patience has its virtues”), and/or even dif-
ferences in socioeconomic status (Green et al., 1996). The
current study was designed to minimize the influence of
prior experience on decision-making in aging using a rat
model of human cognitive aging in which experiential fac-
tors (prior learning, environmental history) are controlled in
young adult and aged subjects. Rats were trained in a two-
choice delay discounting task, which pitted choice of a small
immediate reward against a large reward delivered after a
delay period. Aged subjects demonstrated a strong prefer-
ence for the larger reward, irrespective of delay, providing
support for a neurobiological (rather than solely experien-
tial) explanation of decision-making differences across the
lifespan.

2. Materials and methods
2.1. Subjects

Male Fischer 344 rats were used for this study. Aged
(n=28) and young adult (n=_8) rats were a mean of 24.72
(S.E.M.=.16) and 6.11 (S.E.M.=.03) months old, respec-
tively, at the onset of behavioral testing. Young adult rats of
this age were chosen because it is well past the age of sexual
maturity (approximately 2—-3 months). Fischer 344 rats are
considered “aged” at 24 months (with an average lifespan of

26.6 months and a maximum lifespan of approximately 30
months). By 24 months, a considerable proportion of the F344
population displays cognitive deficits on a range of behav-
ioral tasks (Bizon et al., in press; Frick et al., 1995; LaSarge
et al., 2007; Yu et al., 1982). Rats were obtained from the
National Institute on Aging colony and housed in the vivar-
ium in the Psychology Building at Texas A&M University.
This AALAC-accredited facility was maintained at a consis-
tent 25 °C with a 12:12 h light/dark cycle (lights on at 0800),
and rats had free access to food and water except as noted
below. All rats in the study were screened daily for health
problems including, but not limited to, cataracts, jaundice,
food and water intake, and the appearance of tumors. Sen-
tinel rats, housed alongside the rats used in this study, were
routinely health screened and found to be negative for a range
of pathogens. Upon autopsy, each subject was screened for
visible pituitary tumors that could impair visual acuity by
impinging on the optic nerve. No subjects were excluded
from the study for health reasons, although two aged rats
ceased responding during the control experiments that were
conducted after the completion of the delay discounting pro-
cedure in Experiment 1. These rats were removed from the
study at those points and excluded from subsequent anal-
yses (one was removed during Experiment 2 and one was
removed during Experiment 3). All animal procedures were
conducted in accordance with approved institutional animal
care procedures and NIH guidelines.

2.2. Apparatus

Testing was conducted in six identical standard rat test
chambers (30.5 cm x 25.4 cm x 30.5 cm; Coulbourn Instru-
ments, Allentown, PA) with metal front and back walls,
transparent Plexiglas side walls, and a floor composed of steel
rods (.4 cm in diameter) spaced 1.1 cm apart. Each test cham-
ber was housed in a sound-attenuating cubicle, and equipped
with arecessed food pellet delivery trough fitted with a photo-
beam to detect head entries and a 1.12-W lamp to illuminate
the food trough. This trough, into which the 45 mg grain-
based food pellet rewards (PJAI, Test Diet: Richmond, IN)
were delivered, was located 2 cm above the floor in the cen-
ter of the front wall. Two retractable levers were located to
the left and right of the food delivery trough, 11 cm above
the floor. Experiments were controlled and data collected
by a computer interfaced with the behavioral test chambers
and equipped with Graphic State 3.01 software (Coulbourn
Instruments).

2.3. Experimental procedures

The procedures for the delay discounting task have been
described previously (Evenden and Ryan, 1996; Simon et
al., 2007). Prior to the start of behavioral testing, rats were
reduced to 85% of their free-feeding weight over the course of
1 week, and were maintained as such throughout the duration
of the experiment. On the day before the start of behavioral
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testing, each rat was given five 45 mg food pellets in its home
cage to reduce neophobia to the food reward used in the task.

2.3.1. Shaping

The task began with a 64-min session of magazine training
consisting of 38 deliveries of a single food pellet with an
inter-trial interval (ITI) of 100 &40 s. On the following day,
the rats were shaped to press a single lever (either left or right,
counterbalanced across groups; the other was retracted during
this phase of training) in order to receive a single food pellet.
Once they reached a criterion of 50 lever presses during a
30-min session, they were shaped to press the opposite lever
using the same schedule and criterion.

Following completion of lever press shaping, both levers
were retracted, and rats were shaped to nose poke into the
food trough during simultaneous illumination of the trough
light and a 1.12-W house light. When a nose poke occurred, a
single lever was extended, and a lever press resulted in imme-
diate delivery of a single food pellet. Immediately following
the lever press, the house and trough lights were extinguished
and the lever was retracted. The left and right levers were
presented an equal number of times, with no more than two
consecutive presentations of the same lever. Rats were trained
to a criterion of at least 60 successful trials in an hour with
an ITT of 40+ 10s.

2.3.2. Experiment 1: assessing age-related differences in
delay discounting

Each session in the delay discounting task consisted of
5 blocks of 12 trials each. Within each session, each of the
100-s trials began with a 10-s 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 trials) or of both
levers simultaneously (choice trials). Trials on which rats
failed to nosepoke during this time window were scored as
omissions. A press on one lever (either left or right, coun-
terbalanced across groups) resulted in delivery of a single
food pellet immediately following the lever press. A press
on the other lever resulted in delivery of four food pellets
after varying delays. Once either lever was pressed, both
levers were retracted and the house light was extinguished
until food delivery. Food delivery was accompanied by the
re-illumination of both lights, which were again extinguished
upon entry to the food trough to collect the food or after 10's,
whichever occurred sooner. Each of the five 12 trial blocks in
a session began with two forced trials (one for each lever), fol-
lowed by 10 choice trials. During the first 12-trial block, the
delay to the large reward was set at 0 s. In subsequent 12-trial
blocks, the delay to the large reward increased to 10, 20, 40,
and 60 s. Note that because trial durations were of fixed dura-
tion, reward choice did not influence the rapidity of progress
through the trials (e.g., choice of the small immediate reward
did not result in sooner choice opportunities). Thus, choice of
the large delayed reward was, from an objective perspective,
an “optimal” choice, as it resulted in more food delivery. The

percentage of trials on which rats chose the large reward lever
(number of large reward lever choices/total responses) was
calculated for each block as an indicator of reward preference
(Cardinal et al., 2000; Simon et al., 2007). Both young and
aged rats were tested in the delay discounting task for 40 ses-
sions, at which point stable responding was observed across
the final 5 sessions (36—40). Stable responding was defined
by the absence of a main effect of days in a repeated measure
ANOVA, accompanied by a significant main effect of delay
(Cardinal et al., 2000; Simon et al., 2007).

2.3.3. Experiment 2: reversed order of presentation of
delays

To determine whether the order of presentation of the
delays across trial blocks affected choice behavior or the
number of completed trials, the order of the delay blocks was
reversed. Thus, the delays began at 60s in the first block,
and decreased to 40, 20, 10, and Os in each subsequent
block of trials in a session. All other experimental conditions
remained consistent with the procedures in Experiment 1.
Rats were run in this condition for 13 sessions, at which point
stable responding was observed across the final 5 sessions
(9-13).

2.3.4. Experiment 3: equal rewards condition

To test for delay perception and response perseveration,
the reward for each lever was equalized (1 food pellet for
either choice) while the delays remained the same as in
Experiment 2 (thus rendering the no delay lever the optimal
choice in all blocks). Rats were run in this condition for 10
sessions.

2.3.5. Experiment 4: no-delay condition

To examine reward magnitude perception and to further
test for response perseveration, the reward magnitudes were
restored to their initial conditions (1 food pellet vs. 4 food
pellets) and the delays preceding the large reward were elim-
inated (thus rendering the large reward lever the optimal
choice in all blocks). Rats were run in this condition for 10
sessions.

2.3.6. Experiment 5: fixed ratio responding

As a final test of motivation to obtain food, rats were tested
for five sessions in a different set of four behavioral test cham-
bers with dimensions identical to those used in the delay
discounting task but with only a single response lever fixed
in place 3.5 cm above the food trough. In each 30 min session,
presses on this lever resulted in delivery of a single food pel-
let on various fixed ratio (FR) schedules (FR1, FR3, FR10,
FR20, FR40, one schedule per session).

2.4. Data analysis
Raw data files were exported from Graphic State software

and compiled using a custom macrowritten for Microsoft
Excel (Dr. Jonathan Lifshitz, Department of Anatomy and
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Fig. 1. Delay discounting in young adult and aged rats (Experiment 1).
All rats discounted the value of the large reward (as shown by decreased
preference for the large reward) as delays increased (p <.01). However, aged
rats showed less discounting than young adults (p <.01).

Neurobiology, Virginia Commonwealth University). Statis-
tical analyses were conducted in SPSS 12.0. In Experiments
14, data were averaged across the final five sessions
in each experiment (Cardinal et al., 2000; Simon et al.,
2007), and these averages were analyzed using two-factor
repeated measures ANOVAs (age group X delay dura-
tion). Additional analyses (three-factor repeated measures
ANOVAS; age group X delay duration X session) were
performed to determine whether young adult and aged
rats differed in their rates of adaptation to the changes
in task contingencies between experiments (i.e., to assess
differences in perseverative behavior). Data from shap-
ing sessions and fixed ratio responding in Experiment
5 were analyzed using independent samples #-tests. In
all cases, p-values less than .05 were considered signifi-
cant.

3. Results
3.1. Shaping

There were no differences between young adult and aged
rats in the number of sessions required to complete either
of the phases of shaping (lever press or nosepoke shap-
ing, t; < .80, ps > .48), indicating that both groups were able
to acquire the task procedures at a similar rate (young
adult mean, 13.25; S.E.M.=2.66 and aged mean, 14.25 and
S.E.M. =2.09). Following shaping, rats were tested for a total
of 78 days in Experiments 1-5.

3.2. Experiment I

As shown in Fig. 1, a two-factor ANOVA (delay x age)
revealed that all rats decreased their preference for the
large reward as the delay to large reward delivery
increased (F(4,56)=24.16, p<.01). Most importantly, how-

ever, there was a robust and significant main effect of age
(F1,14)=20.88, p<.01), as well as a significant interaction
between delay and age (F(4,56)=3.83, p<.0l). These data
demonstrate that discounting of delayed rewards is dramat-
ically attenuated in aged rats compared to their young adult
cohorts.

It should be noted that aged rats omitted significantly
more trials than young adult cohorts, particularly in the
trial blocks with the longest delays, which occurred later
in the session. Analysis of the number of completed trials
(defined as trials with a response on either lever) across the
session using a two-factor ANOVA (delay duration x age
group) confirmed both a main effect of age (F(1,14)=49.50,
p<.01) and an interaction between the factors of age and
delay (F(4,56)=68.70, p<.01), such that aged rats com-
pleted significantly fewer trials than young adult cohorts,
and this effect became larger across successive trial blocks
(Fig. 2A). This difference could be due to the order of
presentation of the delays, increased fatigue, or faster sati-
ation in the aged rats. In order to assess satiation, the
amount of total food consumed across trials was assessed.
Indeed, despite completing fewer trials, because aged rats
consistently chose the large reward more often than their
young adult cohorts, both age groups consumed comparable
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Fig. 2. Total responses and food consumed (Experiment 1). (A) Aged rats
responded less frequently than young adults in later blocks of trials (p <.01).
(B) Despite this difference in omitted trials, however, young adult and aged
rats consumed equal amounts of food per session.
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Fig. 3. Delay discounting in young adult and aged rats with order of delays
reversed (Experiment 2). (A) Aged rats continued to discount the value of
large rewards to a lesser degree than young adult cohorts when the order of
delay presentations was reversed (p <.05). Thus, the effects of age on delay
discounting in Experiment 1 were not due to fewer responses in aged rats at
longer delays. (B) Data from Figs. 1 and 2A are re-plotted using the same
X-axis to facilitate direct comparison of performance with ascending and
descending orders of delay presentation.

amounts of food across sessions (¢(14) = .16, p=.91; Fig. 2B).
To determine the influence of the order of delay presenta-
tions and fatigue on the age-related difference in discounting,
in Experiment 2, the same subjects were tested further on
the same task with the order of the delay presentations
reversed.

3.3. Experiment 2

In this condition, the order of delay presentation was
reversed, such that the longest delay to large reward deliv-
ery (60 s) was presented first, with subsequent delays to large
reward delivery decreasing in order to 0 s. Rats in both groups
reached stable responding in this phase of testing by day
nine, and the subsequent five sessions (9—13) were analyzed.
In agreement with the findings in Experiment 1, both age
groups showed a decreased preference for the large reward
lever with longer delays to large reward delivery (two-factor
ANOVA (delay duration x age group); F(4,52) = 6.06, p<.01;
Fig. 3A). Importantly, there was still a significant main effect
of age (F(1,13)=7.64, p<.05), such that aged rats chose the
large delayed reward more often than young adult cohorts
(although the interaction between the factors of delay and
age was no longer significant, F4 52)=.54, p=.71). Fur-
ther repeated measures ANOVAs comparing performance
on the ascending (Experiment 1) and descending (Experi-
ment 2) order of delays within each age group (Fig. 3B)
revealed no main effect of age on choice behavior across

these conditions (ps >.29). Together, these data strongly indi-
cate that the order of delay presentations was not solely
responsible for the age-related attenuation of delay discount-
ing.

Analyses of the number of completed trials in each trial
block revealed the same pattern of results observed with the
ascending order of delay presentations in Experiment 1, such
that aged rats increased their number of omitted trials in
blocks later in the sessions, which in this experiment were
the blocks with the shortest delays (Fig. 4A). A two-factor
ANOVA (delay duration x age group) revealed a main effect
of age (F(1,13)=8.05, p<.05) and an interaction between
delay and age (F(4,54) =5.39, p <.01). These data suggest that
satiation (or possibly fatigue) in the aged rats was likely a sig-
nificant factor in the low response rates of aged subjects in
later blocks of trials. Indeed, as in Experiment 1, food con-
sumption across sessions was equivalent between age groups
when the delays were reversed (#(13)=.51, p=.62; Fig. 4B).
Most importantly, the observation that aged rats preferentially
chose the large delayed reward more often than young adult
rats in both conditions (ascending and descending order of
delay presentations) indicates that the effects of age on delay
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Fig. 4. Total responses and food consumed with order of delays reversed
(Experiment 2). (A) Similar to Fig. 2, aged rats responded less as the ses-
sion progressed (p <.05), even though the order of delay presentations was
reversed. This indicated that the increase in trial omissions in aged rats was
not a function of the order of delay presentations. (B) Young adult and aged
rats consumed equivalent amounts of food per session.
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Fig. 5. Tests of delay and reward magnitude perception (Experiments 3 and
4). (A) Aged rats were able to detect and respond appropriately to the delays
to the same degree as young adult rats when the delays were maintained but
the reward magnitudes made equal. (B) Aged rats were able to detect and
respond appropriately to the different reward magnitudes to the same degree
as young adult rats when the reward magnitudes were maintained but the
delays made equal.

discounting are independent of the order of presentation of
the delays and number of completed trials.

3.4. Experiment 3

To determine whether aged rats were less sensitive than
young adult cohorts to the aversive consequences of delayed
reward delivery, the task contingencies were modified such
that both the immediate and delayed rewards consisted of
only a single food pellet. Rats performed under these contin-
gencies for 10 sessions and stable responding was reached
by session 6 for both groups. In both age groups, choice of
the delayed reward dropped to near-zero levels (Fig. 5A).
Analysis of the mean percentage of choices of the delayed
reward in sessions 6—10 using a two-factor ANOVA (delay
duration x age group) revealed neither a main effect nor
any interactions involving age (Fs < 1.94, ps>.19). The data
strongly suggest that the ability of aged rats to perceive and
respond to delays was comparable to that of young adult
cohorts.

3.5. Experiment 4

To determine whether aged rats were differentially sensi-
tive to the different reward magnitudes compared to young
adult cohorts, the task contingencies were modified such that
the reward magnitudes were returned to their original condi-
tion (1 food pellets vs. 4 food pellets), but the delays to the
large reward were eliminated (i.e., a zero delay was imposed
across all trial blocks). Rats performed under these contin-
gencies for 10 sessions and stable responding was obtained by
session 6. Subjects in both age groups switched to responding
on the lever with the larger reward (Fig. 5B). Analysis of the
mean percentage of choices of the large reward lever in ses-
sions 6—10 using a two-factor ANOVA (delay duration x age
group) revealed neither a main effect nor any interactions
involving age (Fs < 1.46, ps>.23). These data strongly sug-
gest that young adult and aged rats in this study were similarly
sensitive to the different reward magnitudes used in the task.

3.6. Analyses of perseverative behavior in young adult
and aged rats

To determine whether age-related differences in delay dis-
counting could be accounted for by perseverative responding
on the large reward lever, a number of additional analyses
were conducted. First, a three-factor ANOVA (delay dura-
tion x age group x session) conducted across all 13 sessions
of Experiment 2 (in which the order of delay presentations
was reversed) revealed no interactions between age and ses-
sion (Fg<1.32, ps>.21). These data suggest that aged rats
had no more difficulty than young adult rats in altering
their choice pattern from that used in Experiment 1. More-
over, in Experiment 3, when reward magnitudes were made
equivalent, aged rats switched their responding to the lever
that produced the immediate reward at a rate comparable to
young adult cohorts (no interactions between age and ses-
sion (Fs<1.10, ps>.30) in a three-factor ANOVA (delay
duration x age group x session) conducted across all 10 ses-
sions of the equal-reward condition). Finally, in Experiment
4, when delays were made equivalent across trials, aged rats
switched their responding to the lever that produced the large
food reward at a rate comparable to young adult rats (no
interactions between age and session (Fy<1.69, ps>.10);
three-factor ANOVA (delay duration x age group X session)
conducted across all 10 sessions of equal-delay condition). In
sum, aged and young adult rats appeared comparable in their
ability to alter their choice pattern in accord with changes in
task contingencies, arguing against increased perseveration
being a primary factor in the marked attenuation of delay
discounting in aged rats.

3.7. Experiment 5
To determine general motivation to work for food (par-

ticularly under conditions of high response ratios, which
are necessarily correlated with delayed reward delivery),
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Fig. 6. Fixed ratio responding (Experiment 5). Aged rats performed compa-
rably to young adult rats across a range of free-operant fixed ratio schedules
of responding for single food pellets, suggesting that aged and young adult
rats were similarly motivated to respond for and obtain the food reward used
in the delay discounting task.

rats were placed in a new testing environment and given
the opportunity to press a single lever (located above the
food trough) to obtain food pellets. Rats were initially tested
under a fixed ratio 1 (FR1) schedule, on which one lever
press was required for food delivery, and the response ratio
requirement was increased in subsequent daily sessions.
Comparisons of the total number of lever presses in each
session in young adult and aged rats revealed no differences
between groups on performance under any response ratio
(ts<.30, ps >.79), demonstrating that young adult and aged
rats were similarly able and motivated to perform the lever-
pressing responses involved in the delay discounting task
(Fig. 6).

4. Discussion

The results of these experiments demonstrate that aged
Fischer 344 rats show significantly attenuated discounting
of delayed rewards compared to young adult cohorts (i.e.,
aged rats prefer large delayed over small immediate rewards
to a greater extent than young adult rats). This attenuated
delay discounting was not likely due to increased perse-
verative responding or age-related changes in motivation or
perception of reward or delay magnitude, as aged rats per-
formed comparably with young adults on several control
tasks. This difference was also not likely due to especially
steep delay discounting in the young adult rats. Although
adolescents are reported to discount delayed rewards more
steeply than adults, the young adult rats began these exper-
iments at 6 months of age, which is well beyond the age at
which rats are considered to be sexually mature (Brenhouse et
al.,2008; Green et al., 1996). These findings suggest that age-
related changes in decision-making observed in humans are
not solely due to experiential and life-history factors, and that
such changes can be effectively modeled in rodents (Denburg

et al., 2005; Green et al., 1994, 1996; Lamar and Resnick,
2004).

The main finding from this series of experiments (depicted
in Fig. 1) is that in comparison to young adult rats, aged
rats reliably and robustly prefer a large, delayed reward over
a smaller, immediate reward. Despite this clear age differ-
ence, of some initial concern was the fact that aged rats made
fewer overall responses than young adult rats (i.e., had more
omissions), particularly during the later trial blocks on which
the greatest age differences were observed. This increase in
omissions over the course of the sessions could be due to sati-
ation, fatigue, or frustration with the long delays, which might
have skewed the results to produce the observed difference in
choice behavior. Two additional analyses were conducted to
specifically address these possibilities. First, total food con-
sumption per session was assessed for each group and found
to be identical. Thus, although satiation earlier in the session
may have caused the increased omissions in aged rats, such
satiation seemed to be a consequence, rather than a cause of
their choice behavior, as aged rats’ satiation threshold was
similar to that of young adults (at least to the extent exam-
ined here). Second, in Experiment 2 the order of presentation
of the delays until large reward delivery was reversed such
that the block of trials with the longest delay in Experiment
1 (during which aged rats had the most omissions) was pre-
sented first (Fig. 3). Both young adult and aged rats displayed
the same patterns of omitted trials during these sessions as
in Experiment 1 (i.e., increasing numbers of omissions as
the session progressed), although in this reversed delay order
condition, the majority of omissions occurred in blocks with
the shortest delay. These data strongly suggest that the omis-
sions observed at the longest delay in Experiment 1 were
unrelated to the delay duration. Most importantly, the same
age differences in delay discounting were observed when the
order of delays was reversed, indicating that these differences
were not an artifact of trial omissions. The failure of both
young adult and aged rats to reach the high levels of % choice
of the large reward at the 0-s delay during Experiment 2 was
likely due to some perseverative choice of the small reward
lever in both groups, and is consistent with the findings of
Cardinal et al. (2000) under these reversal conditions.

Aging has been associated with changes in time percep-
tion, in that subjective time appears to pass more slowly for
aged compared to young adult humans (Block et al., 1998).
Similarly, aged rats tested in a peak interval procedure show
judgments of 20 and 40 s time intervals that are longer than
those of young adult rats (Lejeune et al., 1998; Meck et al.,
1986). This subjectively slower passage of time associated
with aging would be predicted to bias aged rats away from
choice of the delayed reward (Wittmann and Paulus, 2008).
However, the aged rats in the present experiments chose the
delayed reward more frequently than young adult rats, sug-
gesting that reported alterations in time perception in aging
do not account for the altered discounting of delayed rewards.
Further evidence against age-related differences in time per-
ception is provided by the results of Experiment 3, in which
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aged rats were able to detect and respond appropriately to the
delays to the same degree as young adult rats when the delays
were maintained but the reward sizes made equal (i.e., they
consistently chose the non-delayed over the delayed reward).
This control procedure suggests that gross insensitivity to
delays does not account for the attenuated delay discount-
ing in aged rats, although more subtle impairments related to
time perception are possible. Indeed, the fact that young adult
and aged rats differed in delay discounting task performance
suggests that some aspect of delay processing differed across
ages. Interestingly, Niv et al. (2007) have suggested that tonic
dopamine levels in striatum encode the subjective value of
time. By this hypothesis, decreased tonic dopamine levels
would result in time being valued less, leading to a reduction
in the subjective costs of choosing the large delayed reward.
In support of this idea, reductions in dopaminergic markers
have been reported in aged rats, suggesting that age-related
alterations in dopamine signaling are one possible mecha-
nism that could contribute to the observed results (Burwell
etal., 1995).

The results of several control experiments also suggest
that alterations in reward perception and/or motivation do
not account for the effects of aging on delay discount-
ing. Although delay discounting is regulated by reward
magnitude, level of hunger (Bradshaw and Szabadi, 1992;
Wogar et al., 1992), and food metabolism, which can be
altered significantly in aging (Kiang-Ulrich and Horvath,
1984; Speakman et al., 2002), when the delays to large
reward delivery were eliminated (Experiment 4), aged
rats chose the large reward to the same extent as young
adults. These data indicate comparable perception and
reaction to these differences in reward magnitude in the
two groups. Moreover, in Experiment 5, young adult and
aged rats had equivalent levels of instrumental responding
under various fixed ratio schedules, demonstrating equiva-
lent motivation to work for and obtain food rewards, even
under high ratios of responding which imposed substantial
delays between initiation of lever-pressing and food deliv-
ery.

In the delay discounting task, learning about the relation-
ship between the large reward lever and the delayed reward
with which it is associated, and subsequent choice of that
lever, would be presumed to require maintenance of some
representation of the large reward outcome across the delay
preceding its delivery (Hinson et al., 2003). Indeed, mainte-
nance of such outcome representations across delays can be
impaired in aging (Knuttinen et al., 2001; McEchron et al.,
2004). However, impairments in the ability to learn and utilize
associations between the large reward lever and the delayed
reward itself would be expected to bias responding away from
choice of the large reward. Because aged rats chose the large
delayed reward more often than young adult cohorts, such
impairments do not likely account for the attenuated delay
discounting reported here.

Performance on this delay discounting task is mediated
by a network of limbic-striatal brain structures, including

orbitofrontal cortex (OFC), basolateral amygdala, ventral
striatum, and subthalamic nucleus, as well as their dopamin-
ergic and serotonergic innervation (Cardinal, 2006; Cardinal
et al., 2001; Winstanley et al., 2005, 2004, 2006b). In partic-
ular, lesions of OFC can decrease discounting of delayed
rewards in the task used here (although this effect may
depend on pre-lesion training on the task (Mobini et al.,
2002; Winstanley et al., 2004)), and OFC is compromised
with age in both rats and humans (Convit et al., 2001;
Lamar et al., 2004; Schoenbaum et al., 2002, 2006). One
behavioral function ascribed to OFC is assignment of moti-
vational value to rewards under conditions in which this
value changes rapidly (Fellows, 2007; Kim and Ragozzino,
2005; Pickens et al., 2003; Roesch et al., 2007). Because
“normal” performance in the delay discounting task involves
tracking the changing reward value as the delays change
across a session and modifying responses accordingly, age-
related impairments in these abilities could result in increased
choice of the large reward at longer delays (indeed, some
evidence suggests that a subpopulation of aged humans is
impaired in tracking changes in reward value (Deakin et al.,
2004; Denburg et al., 2005; Fein et al., 2007; Lamar and
Resnick, 2004)). Note, however, that the pattern of results
in the aged rats is not consistent with simple persevera-
tive responding on the large reward lever. There was no
evidence for increased perseverative responding in aged com-
pared to young adult rats after the order of presentation
of the delays was reversed (i.e., the slopes of their perfor-
mance curves are similar in Fig. 3B), and young adult and
aged rats modified their choice behavior at similar rates in
response to each change in the task contingencies. It should
be noted, however, that although attenuated delay discount-
ing in the aged rats was clearly advantageous under the task
contingencies employed here (i.e., it resulted in more food
delivery earlier in the session), it could likely prove mal-
adaptive in other situations, particularly when behavioral
flexibility provides superior advantage (Schoenbaum et al.,
2002).

The results of these experiments provide strong evi-
dence that discounting of delayed rewards is attenuated in
aging. Several control procedures suggest that this attenu-
ated discounting is not due to age-related alterations in time
perception, motivation, or perseveration. These findings are
consistent with the idea that aging is associated with increased
ability to delay gratification (i.e., “good things come to those
who wait”). The fact that these findings were obtained in
laboratory rats (which, unlike humans, have limited prior
opportunities to learn about the benefits of delayed gratifi-
cation) suggests that attenuated delay discounting results not
solely from experiential factors, but also (or instead) from
fundamental age-related neurobiological changes. Of course,
it is not possible even in animal subjects to rule out entirely
the influence of prior experience on decision-making, as even
the controlled and relatively impoverished environment of
laboratory housing could conceivably provide opportunities
for learning to delay gratification. Nevertheless, the results
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clearly show that decision-making tasks used in humans can
be effectively and robustly modeled in aged rodents, which
will enable future investigation of the neural basis of altered
decision-making across the lifespan.
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