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Different components of executive function such as working memory, attention, and cognitive flexibility
can be dissociated behaviorally and mechanistically; however, the within-subject influences of normal
aging on different aspects of executive function remain ill-defined. To better define these relationships,
young adult and aged male F344 rats were cross-characterized on an attentional set-shifting task that
assesses cognitive flexibility and a delayed response task that assesses working memory. Across tasks,
aged rats were impaired relative to young; however, there was significant variability in individual
performance within the aged cohort. Notably, performance on the set-shifting task and performance at
long delays on the delayed response task were inversely related among aged rats. Additional experi-
ments showed no relationship between aged rats’ performance on the set-shifting task and performance
on a hippocampal-dependent spatial reference memory task. These data indicate that normal aging can
produce distinct manifestations of executive dysfunction, and support the need to better understand the
unique mechanisms contributing to different forms of prefrontal cortical-supported executive decline
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1. Introduction

Across species, aging is accompanied by a decline in neuro-
cognitive functions, including learning and memory mediated by
medial temporal lobe structures and executive functions mediated
by prefrontal cortex (PFC; Alexander et al., 2012; Bizon et al., 2012;
Buckner, 2004). Research in animal models has made considerable
strides in understanding the neural basis of age-related decline in
learning and memory (Burke et al., 2012; Engle and Barnes, 2012;
Foster et al., 2012); however, there has been less progress in
understanding the neural mechanisms that contribute to impaired
executive functioning across the lifespan. This relative paucity of
data stems in part from the complexity in defining the distinct
cognitive processes that are subserved by the PFC and our still
limited understanding of how these processes integrate to effec-
tively organize and guide behavior. Executive functions have been
operationalized in a variety of ways but can include attention,
planning, cognitive flexibility, working memory, inhibitory control,
and decision-making (Fuster, 2000; Glisky, 2007; Kesner and
Churchwell, 2011; Miller and Cohen, 2001; Robbins, 1996).
Among these processes, age-related decline in working memory
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and cognitive flexibility are particularly well described. Though
many definitions for working memory exist, this term is most often
used in reference to the maintenance of a representation “in mind”
of a stimulus that is no longer present in the environment (e.g.,
Goldman-Rakic, 1996). In contrast, cognitive or behavioral flexi-
bility refers to the ability to effectively update internal represen-
tations and shift behavioral responses to accommodate changes in
environmental contingencies (e.g., Dias et al., 1996).

Cognitive flexibility can be assessed in primates and rodents
using “set-shifting” tasks. The prototypical set-shifting task,
designed for human subjects, is the Wisconsin Card Sorting task
(Berg, 1948), in which subjects are required to sort a deck of cards
that contain multiple stimulus features (e.g., shape and color).
Subjects must initially learn through trial and error which stimulus
feature governs the correct choice (e.g., red indicates correct
choice, ignore shape). After acquisition of this rule, an unsignaled
‘shift’ occurs such that the external contingencies are altered and
the subjects must now inhibit the initial rule and shift their
response strategies to accommodate the new contingencies (e.g.,
ignore color, square signals correct choice). Analogues of the
Wisconsin Card Sorting task have been developed for use in
nonhuman primates and rodents, and across species, damage to
the dorsolateral PFC or its rodent homologue, medial PFC (mPFC),
does not affect acquisition of the initial rule but selectively impairs
the ability to set-shift (Birrell and Brown, 2000; Bissonette et al.,
2008; Darrah et al, 2008; Demakis, 2003; Dias et al., 1996;
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Floresco et al., 2008; Owen et al., 1991; Ragozzino, 2007; Ragozzino
et al, 1999; Uylings et al., 2003). Working memory tasks are
generally designed such that to-be-remembered information var-
ies across trials, requiring active resistance to proactive interfer-
ence and distraction. Working memory is commonly assessed
using delayed response tasks in which subjects are required to
remember information about a spatial location over some delay
interval, and then to accurately recall that information in a choice
setting. As with set-shifting tasks, performance on working
memory tasks is impaired after damage to primate dorsolateral or
rodent medial PFC, and such lesions tend to disproportionately
affect performance at long delays (Floresco et al., 1997; Freedman
and Oscar-Berman, 1986; Goldman and Rosvold, 1970; Mishkin,
1957; Ragozzino et al., 1998).

Previous work in humans, nonhuman primates, and rodents has
shown that cognitive flexibility and working memory decline across
the lifespan. Notably, however, there is considerable variability
among aged subjects, such that some perform on par with young
whereas others demonstrate varying degrees of impairment
(Barense et al., 2002; Bizon et al., 2009; Gallagher et al., 1993; Glisky,
2007; Morrison and Baxter, 2012; Park, 2000; Robbins et al., 1998).
Despite such well-documented individual differences, the relation-
ship between the presence and severity of impairment on tasks that
assay these different components of executive function is not well
defined. The fact that PFC damage impairs working memory and set-
shifting performance, and that both functions are compromised in
disease states such as schizophrenia, suggest that age-related
impairments in working memory and cognitive flexibility are me-
diated by common neural mechanisms and might be expected to
covary (Chudasama and Robbins, 2006). However, these processes
can also be dissociated using a variety of PFC manipulations that
include modulation of dopaminergic and GABAergic signaling, both
of which can be compromised at advanced ages (Cools and
D’Esposito, 2011; Durstewitz and Seamans, 2008; Enomoto et al.,
2011; Floresco and Magyar, 2006; Li et al.,, 2010; McQuail et al.,
2012). A primary goal of the current study was to determine the
relationship between age-related impairments in cognitive flexi-
bility (assessed using a set-shifting task) and working memory
(assessed using a delayed response task) in aged Fischer 344 rats. In
addition, performance on the set-shifting task was compared with
performance on the Morris water maze, an assay that is sensitive
to medial temporal lobe-mediated mnemonic dysfunction in aged
rats (Bizon et al., 2009; Frick et al., 1995; Gallagher et al., 1993).

2. Methods
2.1. Subjects

Young (5 months old; n = 20) and aged (22 months old; n = 25)
male Fischer 344 rats were obtained from the National Institute on
Aging colony (Taconic Farms, Hudson, NY, USA) and housed in the
Association for Assessment and Accreditation of Laboratory Animal
Care International (AAALAC)-accredited vivarium facility in the
McKnight Brain Institute Building at University of Florida in
accordance with the rules and regulations of the University of
Florida Institutional Animal Care and Use Committee and National
Institutes of Health guidelines. The facility was maintained at
a consistent temperature of 25 °C with a 12-hour light/dark cycle
(lights on at 8:00 AM) with free access to food and water except as
otherwise noted. Rats were tested in 3 cohorts, each including
young and aged subjects. After completing the set-shifting protocol,
subsets of these rats were subsequently trained on the working
memory (n = 9 young and n = 11 aged) or water maze (n = 10
young, n = 13 aged) tasks. Note that not all rats tested in experi-
ment 1 were tested in experiments 2 and 3.

2.2. Experimental procedures

2.2.1. Experiment 1: effects of aging on set-shifting

2.2.1.1. Apparatus. Testing in the set-shifting and working memory
tasks was conducted in 8 identical standard rat behavioral test
chambers (30.5 x 25.4 x 30.5 cm; Coulbourn Instruments, White-
hall, PA, USA) with metal front and back walls, transparent Plexiglas
side walls, 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 photobeam to detect head
entries and a 1.12 W lamp for illumination. Food rewards consisted
of one 45-mg grain-based food pellet for each correct response
(PJAI; Test Diet, Richmond, IN, USA). Two retractable levers were
located 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.

2.2.1.2. Shaping. The design of the set-shifting task was based on
that used by Floresco et al. (2008). Before the start of behavioral
testing, rats were reduced to 85% of their free feeding weights over
the course of 5 days and maintained at this weight for the duration
of the experiments involving food restriction. Rats progressed
through 4 stages of shaping before the onset of the set-shifting task,
with new stages beginning on the day immediately after comple-
tion of the previous stage. On the day before shaping stage 1, each
rat was given five 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 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 opposite lever using the same procedures.
Shaping stage 3 consisted of 90 trials that were designed to train
rats to press the levers after their insertion into the test chamber.
Each 20-second trial began with illumination of the house light and
insertion of a single lever (either left or right, randomly selected
within each pair of trials) into the test chamber where it remained
for a maximum of 10 seconds. A response on the lever within this
time window resulted in retraction of the lever, delivery of a single
food pellet, and continued illumination of the house light for an
additional 4 seconds. If a rat failed to respond on the lever within 10
seconds, the lever was retracted and the house light turned off, and
the trial was scored as an omission. Rats received at least 4 daily
sessions in this stage, and were trained until reaching criterion
performance of fewer than 10 omissions out of the 90 trials.
Shaping stage 4 was designed to determine each rat’s side bias
(i.e., preference for one lever over the other). Each trial consisted of
multiple phases. In the first phase of a trial, the house light was
illuminated and both levers were inserted into the test chamber. A
response on either lever resulted in retraction of both levers and
delivery of a single food pellet. In the second phase of a trial, both
levers were again inserted, but only a response on the lever
opposite to the one chosen in the first phase resulted in food
delivery. A response on the same lever chosen in the first phase (i.e.,
“incorrect”) resulted in the levers being retracted and in the
houselight being extinguished. After a “correct” response on this
second phase of a trial, a new trial was initiated, whereas after an
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“incorrect” response, the second phase of the trial was repeated.
The second phase was repeated until rats made a “correct”
response. In cases in which 5 or more of the initial 7 first phase
choices were confined to a single side, that side was considered the
rat’s biased side. However, in cases in which neither side was
initially chosen a disproportionate number of times (<5), the side
associated with the greatest number of total responses across this
stage of testing was considered the rat’s biased side.

2.2.1.3. Visual cue discrimination. After the side bias determination
session, rats were trained to press the lever associated with a visual
cue (light). In this discrimination (Fig. 1A), the illumination of a cue
light over a lever signaled the correct response, irrespective of the
spatial location (left or right) of the cue. Each 20-second trial began
with illumination of 1 of the cue lights (left or right, randomly
selected in each pair of trials). After 3 seconds, the house light was
illuminated and both levers were inserted into the chamber (the
cue light remained illuminated while the levers were extended).
A response on the lever corresponding to the cue light (a correct
response) resulted in the house light remaining on for 4 seconds,
during which time the levers were retracted, the cue light was
extinguished, and a single food pellet was delivered. A response on
the opposite lever (an incorrect response) or failure to respond
within 10 seconds (omission) resulted in retraction of both levers
and all lights being extinguished. Rats were considered to have
acquired the task on reaching criterion performance of 8 consecu-
tive correct trials (and at least 30 total trials, excluding omissions),
with the maximum number of trials per session set at 120. If rats
failed to acquire the task within a single session, they received
additional sessions on subsequent days.

2.2.14. (Set-shift) left/right discrimination. After reaching criterion
performance on the visual discrimination task, rats were tested the
next day in the set-shift condition, in which the task contingencies
were altered. In this new condition, rats were required to ignore the
light cue and instead to consistently choose the left or right lever
(whichever was not their biased side as determined in shaping stage
4). Hence, accurate performance required rats to “shift” their
attention away from the visual cue and toward the left/right position
of the lever. Beyond the shift in reward contingencies, trials were
identical in presentation to those in the visual cue discrimination
(i.e., on each trial, both levers were presented, with the cue light
illuminated over one lever). As in the visual cue discrimination, the
location of the illuminated cue light was randomized (left or right)
in each pair of trials. Rats were considered to have acquired the task
on reaching criterion performance of 8 consecutive correct trials,
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Set-shift
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excluding omissions. The maximum number of trials per session
was set at 120 and if rats failed to acquire the task within a single
session, they received additional sessions on subsequent days.

2.2.1.5. Set-shifting statistical analysis. 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 using SPSS 19.0. The
total numbers of trials and errors required to achieve criterion on
the visual discrimination and on the set-shift were used as the
indices of performance. Considering that the task design involved
explicit presentation of the same set of stimuli during the initial
discrimination learning and the set-shift, the nature of the errors
was also examined. Specifically, age comparisons were performed
separately for errors that involved responses corresponding to
previously-reinforced choices (the cue light was incongruent with
the correct lever location and the rat chose based on the previous
visual discrimination rule) and for errors that had never been
reinforced (the cue light and spatial location were congruent and
the rat’s choice was not correct according to the rule in either type
of discrimination; Floresco et al., 2008; Ragozzino et al., 2002).

Comparisons between age groups in the set-shifting task (trials
to criterion and errors to criterion) were conducted using t tests.
A Levene’s test was conducted to test for differences in variance in
individual performance between age groups. For analyses in exper-
iments 2 and 3, in which performance was compared across cogni-
tive tasks, aged rats were subgrouped into “cognitive groups” on the
basis on their set-shifting performance using the trials-to-criterion
measure. Aged rats were subdivided into “aged shifting-impaired”
(rats in which trials to criterion on the set-shift was greater than 1
standard deviation from the mean of young rat performance) and
“aged shifting-unimpaired” (all other rats). A one-factor analysis of
variance (ANOVA) was used to compare set-shifting performance
among these cognitive groups with Tukey post hoc tests performed
when warranted. For this and all subsequent analyses, p values less
than 0.05 were considered significant.

2.2.2. Experiment 2: effects of age on working memory and
relationship to set-shifting performance

Both set-shifting and working memory task performance
depend on the integrity of PFC systems and decline with age, but
the nature of the relationship between age-related decline across
these two distinct components of executive function is unknown.
To investigate this relationship, subsets of young and aged rats
characterized on the set-shifting task in experiment 1 were
subsequently tested on a delayed response working memory task.

Delay

(0-24 sec)
Choice phase
(Match-to-sample)

Sample phase

Fig. 1. Schematic diagrams of the set-shifting and working memory tasks. (A) The set-shifting task. Rats were initially trained in a visual discrimination in which they had to press
the response lever illuminated by a small lamp, irrespective of its left/right location. On reaching criterion performance, they were shifted to a left/right discrimination in which they
had to press the response lever in a particular location, irrespective of whether that lever was illuminated by the lamp. (B) The delayed response working memory task. Rats had to
press a lever when extended during the sample phase, then, after a variable delay, press that same lever during the choice phase to earn a food reward.
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2.2.2.1. Delayed response working memory task procedures. The
delayed response working memory task was conducted in the same
testing chambers used for the set-shifting task. Because the rats
were already familiar with pressing the retractable levers to earn
food rewards, they did not require additional shaping procedures.
The design of the task was based on Sloan et al. (2006). Each session
was 40 minutes in duration, and the house light was illuminated
throughout the entire session except during timeout periods. A trial
began with insertion of a single lever (the “sample” lever) into the
chamber (Fig. 1B). The left/right position of this lever was randomly
selected within each pair of trials, and a lever press caused it to
retract and started the delay period timer. During the delay, rats
were required to nosepoke into the food trough to initiate the
“choice” phase, and the first such nosepoke emitted after the delay
timer expired caused both levers to extend. During this choice
phase, a response on the same lever pressed during the sample
phase (a correct response) resulted in both levers being retracted
and the delivery of a single food pellet. Entry into the food trough to
collect the food pellet initiated a 5-second intertrial interval, after
which the next trial was initiated. A response on the opposite lever
from that chosen during the sample phase (an incorrect response)
resulted in both levers being retracted and initiation of a 5-second
“timeout” period during which the house light was extinguished,
followed immediately by the start of the next trial.

During initial sessions in this task, there were no delays between
the sample and choice phases, and a correction procedure was
employed such that the sample lever was repeated on the same side
after an incorrect response to prevent development of side biases.
When rats reached a criterion of 80% correct choices across
a session for 2 consecutive sessions, this correction procedure was
discontinued 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. On establishing greater
than 80% correct performance across 2 consecutive sessions, delays
were systematically increased (set 1: 0, 1, 2, 3, 4, 5, and 6 seconds;
set 2: 0, 2, 4, 8, 12, and 16 seconds; set 3: 0, 2, 4, 8, 12, 18, and 24
seconds). Rats were tested for 10 consecutive sessions on the delays
in set 3.

2.2.2.2. Delayed response statistical analyses. Performance (percent
correct at each delay) was averaged across 10 test sessions to
provide a measure of mean accuracy at each delay. Group compar-
isons in the working memory task were conducted using 2-factor
(age or cognitive group by delay) repeated measures ANOVAs.
Comparisons of individual performance across the set-shifting
(trials and errors to criterion) and working memory tasks (mean
percent accuracy at each delay) were conducted using bivariate
correlations performed separately for young and aged rats.

2.2.3. Experiment 3: relationship between set-shifting and spatial
learning performance in aging

A decline in spatial memory is well-described in normal aging,
and our laboratory and others have reported individual differences
among aged rats with respect to the presence and degree of
impairment on the Morris water maze task (Bizon et al., 2009;
Gallagher et al., 1993; LaSarge et al., 2007). To determine the rela-
tionship between age-related decline in the PFC-dependent set-
shifting task and in hippocampal-dependent spatial abilities,
subsets of young and aged rats from experiment 1 were subse-
quently assessed on the water maze task.

2.2.3.1. Apparatus. The water maze consisted of a circular tank
(diameter 183 cm, wall height 58 cm) painted white and filled with
water (27 °C) made opaque with the addition of nontoxic white
tempera paint. The maze was surrounded by black curtains to

which were affixed large white geometric designs which provided
extramaze visual cues. For the spatial reference memory (hidden
platform) task, a retractable escape platform (12 cm diameter; HVS
Image) was submerged 2 cm below the surface of the water in the
center of the southwest quadrant of the maze. For the cued (visible
platform) task, the platform was painted black and protruded 2 cm
above the surface of the water, and was located in a different
quadrant of the maze on each trial. A video camera mounted above
the center of the maze was connected to a DVD recorder and
computer, which were used for data storage and analysis using
a video tracking system (Water 2020; HVS Image).

2.2.3.2. Spatial reference memory (hidden platform) task procedure.
Spatial reference memory was assessed as described previously
(Bizon et al., 2009). Briefly, on 8 consecutive days, rats received 3
trials per day with a 30-second intertrial interval. On each trial, rats
were placed into the water facing the wall of the maze at 1 of 4
equally-spaced start positions (north, south, east, or west). The start
positions were varied in a pseudo-random fashion, such that all rats
started from each of the locations approximately the same number
of times. On placement in the water, rats were allowed to swim
until they found the hidden platform or until 90 seconds elapsed, at
which time they were guided to the escape platform by the
experimenter. Rats remained on the platform for 30 seconds and
then were placed in a holding chamber for 30 seconds before the
next trial. Every sixth trial (i.e., the third trial on days 2, 4, 6, and 8)
was a probe trial in which the platform was lowered to the bottom
of the maze for the first 30 seconds of the trial, after which it was
raised to allow the rats to escape.

2.2.3.3. Cued (visible platform) task. After spatial reference memory
training, rats were given a single session with 6 trials of cue training
to assess sensorimotor abilities and motivation to escape the water.
For this task, rats were trained to swim to a visible platform
(painted black and protruding 2 cm above the water’s surface). The
start position and platform location were varied on each trial,
making the extramaze cues explicitly irrelevant to the platform
location. On each trial, rats were allowed to search for the platform
for a maximum of 90 seconds and then were allowed to remain
there for 30 seconds before a 30-second intertrial interval.

2.2.3.4. Water maze statistical analyses. For each task, data files
were created using the Water 2020 software and were exported to
Microsoft Excel and SPSS (version 19.0) for analysis. Training trial
data in the spatial reference memory task were averaged into 4
blocks consisting of the 5 trials preceding each probe trial, and
performance on these trials was analyzed using a “cumulative
search error” measure. To calculate search error, a rat’s distance
from the platform was sampled 10 times per second and these
distances were averaged into 1-second bins. Cumulative search
error is the sum of these 1-second bins over the course of a training
trial, minus the optimal path from the start location to the platform
(Bizon et al., 2009; Gallagher et al., 1993). On probe trials, a “mean
search error” measure was used. Mean search error is the sum of
the 1-second bins (minus the optimal path from the start location to
the platform), divided by the 30-second duration of the probe trials.
Mean search error data from each probe trial were weighted and
summed to provide a “spatial learning index” measure, which
provides a single value reflecting overall spatial learning ability for
each rat (Bizon et al.,, 2009; Gallagher et al., 1993). Comparisons
between groups on training trials (in the hidden and visible plat-
form tasks) were conducted using 2-factor ANOVA (age or cognitive
group by training trial), with Tukey post hoc tests performed when
warranted. Comparisons of individual performance across the
set-shifting (trials and errors to criterion) and water maze (spatial
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learning index) tasks were conducted using bivariate correlations
performed separately for young and aged rats.

3. Results
3.1. Experiment 1: effects of aging on set-shifting

Young and aged rats required comparable numbers of sessions
in the two stages of shaping which included a performance crite-
rion (stage 2: mean [standard error of the mean (SEM)], young =
2.90 [0.22], aged = 2.64 [0.18], t(43) = 0.93, p = 0.36; stage 3:
young = 5.40 [0.57], aged = 5.32 [0.46], t(43) = 0.11, p = 0.93).
Likewise, there were no differences between young and aged rats in
the number of trials required to reach criterion performance on the
initial (visual) discrimination (t(43) = 0.01; p = 0.99; Fig. 2A). In
contrast, aged rats were impaired relative to young adults on the
set-shift task, requiring significantly more trials to reach criterion
performance (t(43) = 2.93; p < 0.05; Fig. 2B). Similarly, aged rats
also made significantly more errors before reaching criterion
performance (£(43) = 2.01; p < 0.05; Fig. 2C) and, as expected, total
trials and errors to criterion were strongly correlated in both young
(r=0.71; p < 0.05) and aged (r = 0.86; p < 0.05) rats.

A number of studies have suggested that age-related deficits in
shifting tasks (e.g., Wisconsin Card Sorting task) are preferentially
attributable to an inability to inhibit responding based on the
previously reinforced rule, which manifests as a greater number of
perseverative errors (Gamboz et al.,, 2009; Moore et al., 2006;
Ridderinkhof et al., 2002). Because the current task design involved
explicit presentation of the same set of stimuli during the initial
discrimination learning and the set-shift, the nature of the age-
related impairment could be further investigated using an error
analysis. For each rat, errors to reach criterion on the set-shift were
divided into those that involved responses that corresponded to
previously reinforced choices (i.e., perseverative) and errors that
had never been reinforced. As shown in Fig. 2C, aged rats made
significantly more previously reinforced errors than young rats
(t(43) = 2.11; p < 0.05). In contrast, there was no significant
difference between age groups in the number of never-reinforced
errors (t(43) = 1.57; not significant).

Significantly more heterogeneity in set-shifting performance
was observed among aged in comparison with young adult rats
(Levene’s test, trials to criterion: F = 22.98, p < 0.05; errors to
criterion: F = 12.81, p < 0.05). As shown in Fig. 3A, some aged rats
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performed as well as young adults and performance of others was
well outside the range of young adult performance, demonstrating
impairment. Subsequent experiments were designed to determine
the extent to which this age-related set-shifting impairment pre-
dicted impairment in other components of executive function
(experiment 2) and in other cognitive domains (experiment 3). For
such comparisons, aged rats were subdivided into “aged shifting-
impaired” (rats in which the number of trials to criterion on the set-
shift was greater than 1 standard deviation from mean young rat
performance) and “aged shifting-unimpaired” (all other rats). Using
these criteria, n = 12 aged rats were classified as aged shifting-
impaired and n = 13 aged rats were classified as aged shifting-
unimpaired. Performance of these subgroups did not differ on the
initial visual discrimination (F(2,42) = 0.38; p = 0.68) but differed
significantly on the set-shift (F(2,42) = 51.01; p < 0.05). Post hoc
analyses indicated that, as expected, aged shifting-impaired rats
performed significantly worse than young and aged shifting-
unimpaired rats on the set-shift (p < 0.05), and young and aged
shifting-unimpaired subgroups did not differ from each other (p =
0.80). Fig. 3B and C show group set-shifting performance of the
subsets of young and aged rats used in experiments 2 (young, n = 9;
aged, n = 11)and 3 (young, n = 10; aged n = 13). Across both subsets
of rats, performance reflected that of the overall age groups in that
a main effect of age on set-shifting performance was evident, with
aged rats requiring significantly more trials to reach criterion
performance after the set-shift relative to young adults (t(21) =
2.29; p < 0.05). Moreover, aged shifting-impaired rats took signif-
icantly more trials to reach criterion on the set-shifting task relative
to young and aged shifting-unimpaired rats (experiment 2:
F(2,19) = 17.06, p < 0.05; Fig. 3B; and experiment 3: F(2,22) = 20.78,
p < 0.05; Fig. 3C). In both experiments, post hoc analyses indicated
that aged shifting-impaired rats were impaired relative to young
and aged shifting-unimpaired rats (ps < 0.05) but that young rat
performance did not differ significantly from aged shifting- unim-
paired rats (ps > 0.67).

3.2. Experiment 2: effects of age on working memory and
relationship to set-shifting performance

A subset of the rats tested in the set-shifting task in experiment
1 (n = 9 young, n = 5 aged shifting-unimpaired, and n = 6 aged
shifting-impaired) was subsequently tested in the delayed response
working memory task. There was no age difference in the number
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Fig. 2. Performance of young and aged rats on the set-shifting task. (A) Aged rats were no different from young in the number of trials required to reach criterion performance on the
initial visual discrimination. (B) In contrast, after the set-shift, aged rats took significantly more trials to reach criterion performance on the left/right discrimination. (C) Aged rats
made significantly more total errors than young rats in reaching criterion performance on the set-shift. Most of these errors involved responding according to the previously-
reinforced (visual discrimination) response rule (e.g., if the left lever was correct during the left/right discrimination, a “previously-reinforced” error would involve responding
on the right lever on trials in which the right lever was illuminated), and aged rats made significantly more previously-reinforced errors than young rats. In contrast, there were
much fewer errors of the “never reinforced” type (e.g., in the previous example, responding on the right lever on trials in which the left lever was illuminated), and these did not

differ between young and aged rats. * p < 0.05.
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Fig. 3. Variability among aged rats on the set-shifting task. (A) There was significantly greater variability in the number of trials to criterion on the set-shift among aged compared
with young rats (each point represents data from a single rat), such that performance of some rats fell within the range of young whereas performance of others fell outside this
range, demonstrating impairment. Dividing the aged rats according to a criterion of greater or less than 1 standard deviation from the mean of the young group yielded 2 equally-
sized subgroups of aged rats: an “aged shifting-unimpaired” (Aged Shift-U) subgroup that performed identically to young, and an “aged shifting-impaired” (Aged Shift-I) subgroup
that performed significantly worse (greater number of trials to criterion) than the young and aged shift-unimpaired subgroups. (B) and (C) show data from the subsets of rats
subsequently tested in the delayed response and water maze tasks, respectively. * p < 0.05.

of shaping sessions required to reach the longest set of delays in the
working memory task (mean [SEM]: young = 13.56 [1.26], aged =
15.91 [0.81], t(18) = 1.62, not significant). In contrast, a 2-factor
repeated measures ANOVA (age by delay) performed on data
averaged across 10 sessions at the longest set of delays, revealed
a significant main effect of age on the working memory task, such
that across delays, aged rats performed significantly worse than
young (F(1,18) = 5.99; p < 0.05; Fig. 4A). A main effect of delay
(F(6,108) = 140.99; p < 0.05) was also evident such that perfor-
mance declined as a function of delay duration, but there was no
age by delay interaction (F(6,108) = 0.40; p = 0.88).

A considerably different pattern of results was evident when
working memory performance was analyzed as a function of set-
shifting performance. As shown in Fig. 4B, a 2-factor repeated
measures ANOVA (cognitive group by delay) revealed a main eff-
ect of delay (F(6,102) = 158.84; p < 0.05) and a main effect of
cognitive group (F(2,17) = 9.65; p < 0.05), and an interaction
between delay and cognitive group (F(12,102) = 1.90; p < 0.05).
Surprisingly, the main effect of cognitive group was carried by the
fact that aged shifting-unimpaired rats were significantly impaired
on the working memory task relative to young and aged shifting-
impaired rats (ps < 0.05), whereas aged shifting-impaired rats per-
formed comparably with young on the working memory task (p =
0.65). Hence, these data indicate an inverse relationship between
age-related impairments on set-shifting and working memory tasks.

The nature of this inverse relationship was further tested using
bivariate correlations conducted on individual performance
measures of set-shifting (trials and errors to criterion) and working
memory. Note that, for these analyses, performance at each delay
used in the working memory task was expressed as “100 — mean
percent correct at each delay” such that inverse relationships
between performance on the 2 tasks would result in negative
correlations. As shown in Table 1 and Fig. 4C, among aged rats,
significant negative correlations were present between set-shifting
and working memory performance at the 12-second (r = —0.61; p <
0.05) and 24-second (r = —0.77; p < 0.05) delays with a similar
trend also evident at the 18-second delay (r = —0.54; p = 0.09).
These correlations indicate that better set-shifting performance in
aged rats was associated with worse working memory performance
at long delays. Notably, in contrast to this inverse relationship at
long delays, set-shifting performance (errors to criterion) in aged
rats was positively associated with performance on the delayed
response task at the O-second delay (r = 0.65; p < 0.05). No
significant relationships between performance on these tasks were

observed among young rats at any delay, although trends toward
positive correlations between set-shifting (trials and errors to
criterion) and working memory performance were observed at
0- and 2-second delays (rs > 0.6; ps < 0.1; see Table 1).

3.3. Experiment 3: relationships between set-shifting and spatial
learning performance in aging

A subset of the rats tested in the set-shifting task (n = 10 young,
n = 7 aged shifting-unimpaired, and n = 6 aged shifting-impaired
rats) was also tested in the Morris water maze task. As shown in
Fig. 5A, aged rats were significantly impaired relative to young rats
in their ability to locate a hidden platform in the water maze. A
repeated measures ANOVA (age by trial block) revealed that all rats
improved over the course of training (main effect of trial block,
F(3,63) = 9.66; p < 0.05) but that aged rats had significantly greater
search error associated with locating the hidden platform than did
young adults, demonstrating impaired performance (main effect of
age, F(1,21) = 6.66; p < 0.05). Similar to previous findings in this
study population (Bizon et al., 2009; Murchison et al., 2009), these
group age differences were not present on the first training trial
(t(21) = 0.004; not significant), nor were there differences between
young and aged rats in their ability to locate the visible platform
during cue training (mean [SEM] path length: young = 242.38
[37.73], aged = 274.08 [27.62]; t(21) = 0.70; p = 0.50). Together,
these data demonstrate that deficits associated with locating the
hidden platform in aged rats were not because of impairments in
sensorimotor function, motivation, or ability to learn the procedural
aspects of the task.

Fig. 5B shows water maze performance plotted as a function of
set-shifting ability among aged rats. A repeated measures ANOVA
(cognitive group by trial block) revealed that all rats improved over
the course of training (main effect of trial block, F(3,60) = 9.68;
p < 0.05) but there was neither a significant main effect of cognitive
group (F(1,20) = 3.21; p = 0.06) nor an interaction between cog-
nitive group and trial block (F(6,60) = 0.38; p = 0.89). Nevertheless,
because the main effect of cognitive group in this analysis was near
statistical significance, post hoc tests were conducted to determine
the relationships among the 3 cognitive groups. These tests re-
vealed that although, in agreement with the main effect of age on
performance previously described, there was a trend toward aged
shifting-unimpaired and aged shifting-impaired groups differing
from young (ps = 0.13 and 0.10, respectively), the 2 aged groups
clearly did not differ from each other (p = 0.97).
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Fig. 4. Performance on the delayed response working memory task in young and aged rats, and relationships with set-shifting performance. (A) All rats showed delay-dependent
decrements in performance on the delayed response task, but aged rats were impaired relative to young. (B) Aged shifting-impaired (Aged Shift-I) rats performed comparably with
young on the delayed response task, whereas aged shifting-unimpaired (Aged Shift-U) rats performed worse than shifting-impaired and young cohorts. (C) Among aged rats,
performance on the set-shifting task was significantly correlated with performance on the delayed response task at the 24-second delay, such that worse set-shifting predicted

better working memory (TTC = trials to criterion).

To further compare performance across set-shifting and water
maze tasks, an overall measure of spatial learning ability was
derived for each rat using performance on the 4 interpolated probe
trials. The spatial learning index was calculated as previously
described (Bizon et al., 2009; Gallagher et al., 1993). These learning
index scores have been associated with age-related changes in
neurobiological substrates of spatial memory, and other aspects of
cognition (Banuelos et al., 2013; Bizon et al., 2001; LaSarge et al.,
2007; McQuail et al., 2012; Smith et al., 2000). As expected, an
unpaired t test performed on the mean spatial learning indices in
young and aged rats indicated that aged rats were significantly
impaired (higher learning index scores) relative to young (young =
239.28 [9.73], aged = 27747 [10.88]; t(21) = 2.53; p < 0.05).
However, in agreement with the group comparisons in Fig. 5B,
bivariate correlations performed separately on young (not shown)
and aged (Fig. 5C) rats revealed no significant relationships
between set-shifting and spatial memory performance among
either young (r = 0.33, p = 0.35) or aged (r = 0.06, p = 0.85) rats.
Hence, in agreement with previous work, these data indicate a lack
of relationship between age-related impairments in measures of
cognitive flexibility and spatial learning (Barense et al., 2002;
Schoenbaum et al., 2002).

4. Discussion

The overarching goal of these experiments was to determine the
relationship between age-associated performance deficits in 2
aspects of PFC-dependent executive functions: set-shifting and
working memory. In agreement with previous population-based
studies in humans, nonhuman primates, and rodents (Barense
et al, 2002; Bizon et al., 2009, 2012; Glisky, 2007; Mizoguchi

Table 1
Correlations between set-shifting and working memory performance

Set-shifting measure Working memory (100 — percent correct at each delay)

0s 2s 4s 8s 12s 18s 24s
Young
Trials to criterion  0.63* 0.63" 0.53 -023 -052 -027 -029
Errors to criterion  0.52 0.63* 0.68" -036 -0.60" -028 -0.35
Aged
Trials to criterion 036 0.08 0.01 -0.12 -061" -054" -0.77"
Errors to criterion 0.65° 0.40 0.02 034 -042 -035 -055"

T p<0.1.
+ p < 0.05.

et al,, 2009; Morrison and Baxter, 2012; Park, 2000; Ramos et al.,
2003; Robbins et al., 1998; Segovia et al., 2008), aged rats in the
current study were impaired relative to young in the set-shifting
and working memory tasks. Among aged rats, however, there was
a striking inverse relationship between individual performance
measures across the 2 tasks such that aged rats impaired on the set-
shifting task performed comparably with young on the working
memory task, and aged rats impaired on the working memory task
performed comparably with young on the set-shifting task. These
data suggest that normal brain aging can result in distinct mani-
festations of executive dysfunction among individual subjects and
support the need to better understand the mechanisms that might
contribute to different forms of executive impairment that emerge
at advanced ages.

Notably, this inverse relationship between set-shifting and
delayed response performance was evident only in aged rats and
was specific to long (>12 seconds) delays. It is possible that the
absence of such a relationship in young rats reflects a statistical
limitation rather than the influence of factors specific to
advanced age. Indeed, there was significantly less variability in
individual performance measures on both tasks within the young
cohort, reducing the power to detect reliable cross-task corre-
lations. However, contrary to this interpretation, it is notable that
among young and aged rats, there was evidence of a positive
relationship between performance at the 0-second delay on the
delayed response task and performance on the set-shifting task.
These different relationships that were evident at short and long
delays argue against several other alterative explanations for the
inverse relationship between set-shifting and long delay
performance in the working memory task. First, they indicate
that the inverse relationship is not carried by chance perfor-
mance among aged rats (i.e., a “regression to the mean” across
multiple behavioral measures). Second, they indicate that the
inverse relationship at long delays is not attributable to perfor-
mance strategies learned in the set-shifting task (e.g., “always
press the left lever”) carrying forward to influence delayed
response performance, because such performance strategies
would be expected to influence delayed response performance
similarly at all delays. Indeed, performance measures in the
delayed response task (Fig. 4) were obtained after several weeks
of shaping in this task, and analyses of lever selection showed no
evidence of side biases (not shown) as would be expected if set-
shifting strategies directly influenced delayed response perfor-
mance. Finally, it is important to note that the absence of
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Fig. 5. Relationships between performance in the set-shifting and water maze tasks. (A) Aged rats performed significantly worse than young (greater cumulative search error) across the
4 blocks of training trials in the water maze. (B) Both the aged shifting-unimpaired (Aged Shift-U) and shifting-impaired (Aged Shift-I) subgroups were impaired relative to young rats
(greater cumulative search error), but the 2 aged subgroups did not differ from each other. (C) Among aged rats, there was no correlation between performance on set-shifting measured
by trials to criteria (TTC) and performance on the interpolated probe trials in the water maze (as assesed by the learning index measure; see text for details) (TTC = trials to criterion).

age-related deficits on the visual discrimination in the set-
shifting task and at any stage of shaping strongly supports that
age-related impairments in either task are not attributable to
differences in motivation to press the levers for food or other
nonspecific effects of age on appetitive operant behavior (see
also Simon et al., 2010).

The opposing relationships between set-shifting and working
memory across different delays suggest that somewhat different
neurocognitive mechanisms mediate performance at short and
long delays in the delayed response task. Notably, performance at
the 0-second delay in the delayed response task would be expected
to strongly tax the “updating” component of working memory and
the ability to minimize proactive interference from immediately
previous trials. Updating of the contingencies that signal the correct
(rewarded) choice on the delayed response task involves focusing
attention to new stimuli and inhibition of previously rewarded
responses, both of which would also enable effective set-shifting. In
contrast, performance at long delays might be mediated to a greater
degree by the “maintenance” component of working memory or
the ability to hold trial-specific information across the duration of
the trial and minimize distraction during these extended delays.
Indeed, because cognitive demands critical for maintenance likely
involve minimizing attention to external stimuli, such maintenance
processes might be viewed as functionally oppositional to those
that enable effective updating and set-shifting. The current data
suggest the intriguing possibility that aging disrupts the normal
coordination of these updating and maintenance functions, such
that some subjects show an impaired ability to hold information or
representations stable across time (hereon referred to as impaired
“representational stability”) whereas others show an impaired
ability to flexibly modify those representations as dictated by
alterations in environmental contingencies (hereon referred to as
impaired “cognitive flexibility”).

It is possible that a single mnemonic deficit could mediate the
inverse relationship between performance on working memory
and set shifting tasks observed in the current study. Specifically,
set-shifting might be expected to be facilitated in subjects unable to
effectively recall the previously-learned rule (i.e., the visual
discrimination). In this case, however, a strong relationship
between learning of the initial (visual discrimination) and shifted
(left/right discrimination) rules would be expected. Notably, no
such relationships were observed in the current study among
young or aged rats. Indeed, despite the fact that all rats required
multiple sessions to acquire the visual discrimination rule, there
were no age differences in trials-to-criterion to learn this rule as

would be expected if between-session intervals were associated
with age-related mnemonic deficits.

Across species, advanced age is associated with impairments in
set-shifting and other tests of cognitive flexibility. In humans, aged
individuals show impaired performance relative to young cohorts
on the Wisconsin Card Sorting task (Ashendorf and McCaffrey,
2008; Robbins et al., 1998; Terry and Sliwinski, 2012; Volkow
et al, 1998a) and similar set-shifting impairments have been
observed in aged monkeys (Moore et al., 2005, 2006; although see
Zeamer et al. 2011). The present findings in aged rats are consistent
with these data, as well as with previous studies reporting set-
shifting performance deficits in aged rats using a “digging task”
in which rats are trained to shift between olfactory and tactile
stimulus discriminations to obtain a food reward buried in a small
pot (Barense et al., 2002; Nieves-Martinez et al., 2012). It could be
argued that aged rats’ impaired performance after the set-shift in
the current study was attributable to the spatial nature of the post-
shift discrimination problem, rather than an impairment in set-
shifting per se. Despite well-documented spatial learning deficits
in aged rats (Bizon et al., 2009; Foster et al., 2012; Gallagher et al.,
1993), we believe this explanation to be unlikely for two reasons.
First, although water maze navigation and spatial (i.e., left/right)
discrimination might represent somewhat different cognitive
operations, it is notable that no correlations were observed
between individual measures of aged rat performance across set-
shifting and spatial learning tasks (Fig. 5B and C). Second, and
more importantly, considering that the task design involved
explicit presentation of the same set of stimuli during the initial
discrimination learning (visual discrimination) and during the set-
shift (left/right discrimination), it was possible to determine
whether errors committed during the left/right discrimination
were consistent with perseveration on the initial visual cue
response rule or instead reflected never-reinforced responses. If the
increase in errors observed in aged rats after the set-shift were
primarily because of an inability to perform the left/right
discrimination, it would be expected that errors would be similarly
distributed across previously- and never-reinforced categories
(Enomoto et al., 2011; Floresco et al., 2008). Instead, in young and
aged rats, most of the errors were of the previously-reinforced
type. This pattern is consistent with the interpretation that errors
across both ages largely reflected persistent responding to the
initial rule and that the reliable increase in the number of
perseverative errors in aged rats reflected an impaired ability of
aged rats to shift their behavior in accordance with the new
response rule.
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Despite substantial evidence that domain-specific cognitive
processes can be dissociated behaviorally and mechanistically,
relationships between different aspects of age-related cognitive
decline remain poorly delineated. Consistent with previous work in
aged rats and as previously described herein, individual measures
of aged rat performance on the set-shifting task in the current study
were not related to performance measures on the water maze task
(Barense et al., 2002). These data are consistent with the idea that
age-related deficits in PFC-mediated executive functions emerge
somewhat independently from deficits in medial temporal lobe-
dependent mnemonic functions and suggest that unique mecha-
nisms contribute to domain-specific cognitive dysfunction in aging
(Bizon et al., 2012; Gallagher and Rapp, 1997; Glisky, 2007; Ramos
et al., 2003; Schoenbaum et al., 2002). Compared with the spatial
reference memory water maze task, working memory assessed by
the delayed response task more heavily engages the same PFC
circuitry that supports set-shifting. Indeed, many working memory
tasks engage the PFC and the hippocampus, making it difficult to
precisely define the neural substrates underlying impaired perfor-
mance (Floresco et al., 1997; Shaw and Aggleton, 1993). An advan-
tage of the task design used here is that performance is reportedly
unaffected by lesions of the hippocampus (Sloan et al., 2006). In
contrast, lesions of the mPFC produce pronounced performance
deficits on this task, mimicking those observed in aged rats in the
current study (Sloan et al., 2006). These data suggest that the age-
related deficits observed in the working memory task are attrib-
utable to decline in PFC function, an interpretation which agrees
with other findings linking age-related working memory impair-
ments to alterations in PFC anatomy, physiology, and neurochem-
istry (Arnsten et al., 2012; Hara et al., 2012; Mizoguchi et al., 2009;
Rapp and Amaral, 1989). It is important to note that the design of
the delayed response task, wherein rats must nosepoke in the
centrally-located food trough during the delay phase to initiate the
choice phase, specifically discourages the use of nonmnemonic
“mediating” strategies to solve the task (e.g., remaining stationary
in front of the sample lever during the delay period). However, this
design does result in some variation in the actual duration of the
delays. Analysis of actual delay durations showed that they were on
average several seconds longer than the programmed delays,
although they were comparable in young and aged rats (e.g., the
actual durations of the 24-second delays were: young = 27.3
seconds, aged = 28.7 seconds). Most importantly, the actual delays
did not correlate with choice accuracy in either age group (not
shown), indicating that the actual delay duration was not a signifi-
cant mediator of individual differences in delayed response task
performance.

A growing body of literature has shown that dopamine signaling
in PFC-striatal circuits is important for the integration of repre-
sentational stability and cognitive flexibility in normal behavior.
Representational stability and cognitive flexibility are dependent on
intact dopamine signaling, but perturbations in dopamine avail-
ability in frontostriatal circuits can differentially influence these
two components of executive function (Brozoski et al., 1979; Crofts
et al., 2001; Floresco and Magyar, 2006; Robbins and Arnsten,
2009). Specifically, dopamine signaling in the PFC has been
heavily implicated in representational stability, possibly by maxi-
mizing signal-to-noise ratio and distracter resistance during delays
(Arnsten et al, 2009; Sawaguchi and Goldman-Rakic, 1991;
Vijayraghavan et al., 2007). This is evident in individuals with gene
polymorphisms (Val'®8Met) that regulate activity of the dopamine
catabolic enzyme catechol-O-methyltransferase and presumptive
dopamine availability in PFC. The Met allele is associated with the
highest PFC dopamine levels and carriers consistently exhibit
superior working memory performance relative to individuals
carrying the Val allele (putatively low PFC dopamine). Interestingly,

however, this enhanced working memory performance might occur
at the expense of less cognitive flexibility. Met allele carriers
perform worse than Val carriers on task-switching and reversal
learning, both of which require flexible adaptation of established
response rules (Colzato et al., 2010; Krugel et al., 2009).

Opposing roles for dopamine in representational stability and
cognitive flexibility have also been suggested by the dual-state
theory of PFC dopamine receptor signaling (Durstewitz and
Seamans, 2008). This theory, which is based on empirical
evidence from in vitro pharmacological and electrophysiological
studies, suggests that a predominance of D1 receptor signaling
promotes stable PFC network states which should facilitate infor-
mation maintenance. In contrast, a predominance of D2 receptor
signaling promotes switching between different PFC network
states, which should favor cognitive flexibility. Notably, aging is
accompanied by a range of alterations in dopamine signaling,
including reductions in dopamine synthesis, release, and receptor
availability (Backman et al., 2010; Segovia et al., 2008; Volkow et al.,
1998b). Such alterations could result in a failure to rapidly adjust
between “stable” and “flexible” modes of PFC operation, leading to
dominance of one mode and impairment in the other. Beyond
dopamine, there is evidence that PFC GABAergic signaling might
differentially influence representational stability and cognitive
flexibility. Specifically, in a recent study examining a battery of
mPFC-dependent aspects of behavior in young adult rats, intra-
mPFC administration of a GABA (A) receptor antagonist impaired
set-shifting but not working memory (Enomoto et al., 2011), indi-
cating that the two functions are neurochemically dissociable at
least under some conditions (Floresco and Magyar, 2006). Deter-
mining how alterations in dopaminergic, GABAergic, and other
neurochemical systems contribute to distinct manifestations of
executive dysfunction in aging, and how such alterations develop in
relation to changes in executive function over the lifespan, will be
important avenues for future research.
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