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Aged Rats Are Impaired on an Attentional
Set-Shifting Task Sensitive to Medial Frontal
Cortex Damage in Young Rats
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Normal aging is associated with disruption of neural systems that subserve different aspects of cognitive
function, particularly in the hippocampus and frontal cortex. Abnormalities in hippocampal function have
been well investigated in rodent models of aging, but studies of frontal cortex function in aged rodents are
few. We tested young (4-5 mo old) and aged (27-28 mo old) male Long-Evans rats on an attentional
set-shifting task modified slightly from previous publication. After training on two problems in which the
reward was consistently associated with the same stimulus dimension, and a reversal of one problem, a new
problem was presented in which the reward was consistently associated with the previously irrelevant
stimulus dimension (extradimensional shift [EDS]). Aged rats as a group were significantly impaired on the
EDS, although some individual aged rats performed as well as young rats on this phase. In addition, some
aged rats were impaired on the reversal, although a group effect did not reach significance in this phase.
Impairment in neither reversal nor EDS was associated with impairments in spatial learning in the Morris
water maze. Young rats with neurotoxic lesions of medial frontal cortex are also selectively impaired on the
EDS. These results indicate that normal aging in rats is associated with impaired medial frontal cortex
function. Furthermore, age-related declines in frontal cortex function are independent of those in
hippocampal function. These results provide a possible basis for correlating age-related changes in

neurobiological markers in frontal cortex with cognitive decline.

Cognitive aging in humans and nonhuman primates is
marked by an impairment in cognitive functions that re-
quire the frontal lobe. For example, aged nonhuman pri-
mates are severely impaired in a spatial-delayed response
task (Bartus et al. 1978; Rapp and Amaral 1989) that is
dependent on dorsolateral prefrontal cortex function (Gold-
man and Rosvold 1970; Bachevalier and Mishkin 1986). In
addition, aged humans and nonhuman primates display dif-
ficulties in modifying behavior appropriately in response to
changing environmental contingencies, a phenomenon
called perseveration (Albert and Stafford 1986; Voytko
1993; Lai et al. 1995). Perseveration is characteristic of dam-
age to orbital frontal areas (Jones and Mishkin 1972;
Bechara et al. 1998). Despite this evidence of age-related
frontal lobe dysfunction in humans and nonhuman pri-
mates, little attention has been given to the effects of aging
on the functional integrity of frontal lobe regions in the rat
(Gallagher and Rapp 1997).

The studies that have examined the integrity of the
frontal cortex in the aged rat provide substantial evidence
for age-related frontal dysfunction, but the exact locus of
the dysfunction is unclear. Winocur and Moscovitch (1990)
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and Winocur (1992a,b) compared the performance of
young rats with hippocampal or frontal lesions with the
performance of aged rats on tasks of complex maze learn-
ing, conditional discrimination, and delayed match-to-
sample. The impairments shown by the aged rats indicated
both frontal lobe and hippocampal dysfunction. Zyzak et al.
(1995) tested aged rats on an odor-guided recognition
memory task, which depends on the integrity of the orbital
prefrontal and perirhinal-entorhinal cortex (Otto and Ei-
chenbaum 1992), and the Morris water maze, which de-
pends on the hippocampus (Morris et al. 1982; Gallagher
and Holland 1992) but not the medial prefrontal cortex (de
Bruin et al. 1994). These investigators observed consider-
able variation in the performance of aged rats on the acqui-
sition of the odor-recognition memory task; however, there
was no association between impaired acquisition of this
task and spatial-learning ability in the water maze. Because
selective orbital prefrontal cortex lesions in young rats pro-
duce selective deficits on olfactory but not spatial learning
(Eichenbaum et al. 1983), and severely impair acquisition of
the odor-recognition memory task (Otto and Eichenbaum
1992), selective dysfunction of the orbital prefrontal area
could account for the specific deficit in odor-recognition
memory unrelated to deficits in spatial performance.
Information about region-specific impairments in aged
rats is needed because the exact region of dysfunction in
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the frontal cortex of aged rats remains unclear. Attentional
set-shifting tasks provide a possible approach to localizing
the area of frontal dysfunction in the aged rat. Performance
on tests of executive function in humans has long been
believed to be dependent on intact frontal lobe function
(for review, see Moscovitch and Ulmita 1991). However,
the observed impairments were not always specific to se-
lective frontal lobe dysfunction: Generalized or diffuse brain
damage (i.e., Robinson et al. 1980) or damage to specific
nonfrontal regions could produce similar deficits (i.e., Cana-
van et al. 1989; Corkin 2001). Attentional-shifting tasks re-
quire that the subject inhibit previously acquired responses
that are inappropriate to the present situation. There are
two types of shifts: intradimensional shifts (IDSs) and ex-
tradimensional shifts (EDSs). In an IDS discrimination, the
subject must apply a discrimination rule to a new problem,
which is based on the same perceptual dimension (e.g.,
color) that was attended to in the previous problem. In
contrast, an EDS requires that the subject attend to a differ-
ent perceptual dimension from that attended to in the pre-
vious problem to solve the new problem.

Owen et al. (1991) tested a group of adult human pa-
tients with localized excisions of the frontal lobes on such
an attentional set-shifting task and compared their perfor-
mance with adult and elderly control subjects without brain
damage. Subjects with frontal lobe damage were found to
be significantly impaired relative to young controls in their
ability to perform the EDS but not in their ability to attend
to novel exemplars of the previously relevant dimension
(IDS). Moreover, there were no qualitative or quantitative
differences between the performance of the frontal lobe
group and the group of elderly controls, indicating that the
pattern of deficits in the elderly group stemmed from fron-
tal lobe dysfunction. In the same study, patients with uni-
lateral temporal lobe lesions and patients who had under-
gone surgical amygdalo-hippocampal removal were not im-
paired on the EDS. A subsequent study in a larger group of
healthy human subjects also reported age-related declines in
EDS performance (Robbins et al. 1998). In a neuroimaging
study, Rogers et al. (2000) scanned human subjects learning
IDS, EDS, and reversal visual-discrimination problems. Rela-
tive to IDS learning, EDS learning differentially activated left
polar and right dorsolateral regions of the prefrontal cortex.
In contrast, reversal learning activated the left caudate
nucleus.

The nonhuman primate prefrontal cortex has also been
shown to mediate shifts in attention between perceptual
dimensions of complex stimuli. Dias, Robbins, and Roberts
(1996a, 1997) found that damage to the lateral prefrontal
cortex in marmoset monkeys selectively impaired perfor-
mance on the EDS, whereas damage to the orbitofrontal
cortex selectively impaired reversal performance. Neither
lesion affected performance on the IDS. A recent prelimi-
nary report of a similar deficit in macaque monkeys with
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dorsolateral prefrontal damage (Moore et al. 2001) strongly
indicates that EDS specifically requires intact dorsolateral
prefrontal function, a conclusion supported by human neu-
roimaging studies (Rogers et al. 2000). An additional pre-
liminary report of impairments in attentional set shifting in
aged monkeys (Moore et al. 1998) supports the view that
cognitive aging in primates is also associated with impair-
ment in frontal cortex-dependent attentional processes.

Birrell and Brown (2000) have developed an atten-
tional set-shifting task in rats that is formally identical to the
task used in monkeys and humans. Bilateral lesions of the
medial frontal cortex of the rat result in normal acquisition
of attentional set but selectively impair performance on the
EDS in this test paradigm. This impairment mirrors that seen
in primates with lesions of the lateral prefrontal cortex,
leading to the conclusion that the medial frontal cortex of
the rat has functional similarity to primate lateral prefrontal
cortex. Hence, this task may be particularly well suited to
examining the functional integrity of medial frontal cortex
in aged rats, an area that bears some functional homology
with dorsolateral prefrontal cortex in primates.

The development of a model of aging of frontal lobe
function in the rat would be extremely beneficial to the
study of cognitive aging. Such a model would permit neu-
robiological studies of the mechanism of age-related de-
clines in frontal lobe function, as well as provide a system
for testing potential therapeutic interventions. The use of
rats as subjects confers an enormous advantage over the use
of nonhuman primates. Because of the scarcity of aged non-
human primates, aging studies in nonhuman primates incur
an enormous cost of obtaining and maintaining sufficient
numbers of subjects to achieve adequate statistical power.
The shorter lifespan of rats makes aged subjects more
readily available. However, the homology of frontal cortical
areas of the rat with those of the primate is somewhat
unclear, particularly with regard to whether the rat pos-
sesses an analog of primate dorsolateral prefrontal cortex
(Preuss 1995). Some details of connectivity differ between
rodents and primates (for review, see Granon and Poucet
2000). Despite these differences, there is striking functional
similarity between the medial frontal cortex of the rat and
the dorsolateral prefrontal cortex of the primate (i.e., Birrell
and Brown 2000; for review, see Granon and Poucet 2000;
Brown and Bowman 2002). In both species, the prefrontal
cortex appears to have a role in aspects of cognitive func-
tioning that are referred to as executive functions; more
specifically, the medial frontal cortex in rats and the dorso-
lateral prefrontal cortex in primates have a crucial role in
these processes.

In the present research, we tested aged rats on an at-
tentional set-shifting task adapted from Birrell and Brown
(2000) to investigate the effects of aging on medial frontal
cortex function. In this task, rats learned a series of discrimi-
nation problems that required them to dig in one of two
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Figure 1 Acquisition of each discrimination problem in aged and

young rats. Trials to criterion represent the number of trials re-
quired to meet a criterion of six consecutive correct responses,
including the criterion run. Aging results in a selective impairment
on extradimensional shift (EDS) learning; there was no difference
between the performance of young and aged rats on any of the
phases, with the exception of the EDS in which aged rats were
significantly impaired. Error bars indicate standard error of mean
(SEM).

pots to retrieve a cereal reward. One of two perceptual
dimensions could be relevant for finding the reward: dig-
ging medium or odor (placed on the rim of the pot). Rats
learned the task in five phases, two in which the two di-
mensions were gradually introduced, followed by an IDS, a
reversal of the IDS, and an EDS. These same rats were tested
in the Morris water maze to examine whether age-related
changes in hippocampal function were independent of pre-
sumed age-related changes in medial frontal function. The
dependent measure of water-maze learning was the learn-
ing-index score developed by Gallagher, Burwell, and
Burchinal (1993), which is based on probe-trial perfor-
mances and indexes the accuracy of search for the platform.

RESULTS

Discrimination Learning

Figure 1 shows the trials to criterion for each of the dis-
criminations. Aged rats (27-28 mo old) performed compa-
rably to young rats (4-5 mo old) on all phases of discrimi-
nation learning except for the EDS in which they were
significantly impaired. There was a difference in perfor-
mance dependent on the particular phase, and the effect of
age differed between the phases. Analysis of variance
(ANOVA) with age and initial discrimination dimension as
between-subject factors and task phase as a within-subject
factor revealed a main effect of age (F}, 5, =15.03,
p=.001); main effect of task phase, (Fy gg =27.03,
P <.0005); and an age by task phase interaction,
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(Fi4. s = 2.88, p =.027). These effects did not depend on
which dimension (medium or odor) the rats were initially
trained: The main effect of initial discrimination dimension
was not significant (F; 5, =1.32,p= .26), nor were inter-
actions of this effect with the other effects in the analysis
(ps > .20). Post hoc analyses (Bonferroni-corrected ¢ tests)
revealed that the effect of age on task performance was
specific to the EDS (¢#[24] = 2.98, 5p = .035); age-related dif-
ferences in other task phases were not significant
Gp > .175).

Nevertheless, aged rats on average performed numeri-
cally worse on all task phases, raising the concern that a
subtle overall impairment in discrimination learning was
only revealed on the more challenging EDS. This possibility
was refuted by calculating correlations between EDS per-
formance and performance on other phases of the task in
the aged rats; these correlations ranged from -0.271 to
—-0.024, ps> .37, except the EDS-reversal correlation in
aged rats (r = .529, p = .06). Thus, EDS performance in aged
rats is independent of performance on all other phases,
with the exception of the reversal. The EDS-reversal rela-
tionship is shown in Figure 2. Some aged rats perform as
well as young rats on both EDS and reversal. It is interesting
that among the aged rats that are impaired on EDS @.e.,
scoring outside the range of young rat performance), there

45 -

40 -

w
[4,}
!

w
o
I

N
(3,]
1

EDS Trials to Criterion
> & S

)]
L

= 529, p= .06
OL |p' T

10 15 20 25 30
Reversal Trials to Criterion

0 5

Figure 2 Relationship between EDS and reversal performance in
aged rats. Performance on reversal was the only phase of discrimi-
nation learning that showed a correlation with performance on
EDS. The dotted lines indicate the maximum number of trials to
criterion for any subject in the young group on each phase. There
are substantial individual differences in EDS performance in aged
rats, with some performing as well as young rats on both the EDS
and reversal. It is interesting that of the rats that are impaired on the
EDS, there does not appear to be an association between EDS and
reversal performance.
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does not appear to be an association between EDS perfor-
mance and reversal performance. It is also interesting that
in our sample, no aged rats were impaired on reversal but
unimpaired on EDS. Correlations between task perfor-
mance in all phases for young and aged rats are given in
Table 1.

Within-subject comparisons confirmed that the EDS
and reversal were more challenging than the IDS in young
rats. Comparisons of the performance of young rats on the
EDS and reversal with performance on the IDS revealed that
both the reversal and the EDS were more difficult to acquire
than the IDS (#[12] =-4.85, p <.0005, [12]=-4.78,
P < .0005, respectively). This validates the set-shifting task,
because the IDS and EDS are both new discrimination prob-
lems, but the EDS is more challenging than the IDS.

Morris Water Maze
Aged rats were impaired on water-maze performance. Com-
parison of young and aged rats revealed an age-related dif-
ference on both learning index (#[24] = 2.37, p = .026) and,
unexpectedly, performance on cue training as well
(t[23] = 3.59, p = .002); cue-training data for one aged rat
were lost. The mean learning index for the aged rats was
279.6 (standard error of mean [SEM] = 13.6) and 235.4 for
the young rats (SEM = 12.8); a higher learning-index score
corresponds to poorer performance. The mean cue-training
swim time was 11.3 sec (SEM = 1.35) for the old rats and
5.49 sec (SEM = 0.91) for the young rats.

Impaired cue-training performance raises the possibil-
ity that the spatial-learning impairment in the aged rats (re-

flected in the learning-index score) is caused by some sen-
sorimotor or motivational deficit. However, there was no
correlation between learning index and cue-training swim
time (r = —.337 for the aged rats and r = —.237 for young
rats). This lack of correlation indicates that the learning-
index scores are likely to be accurate reflectors of hippo-
campal-dependent spatial-learning ability rather than some
other noncognitive deficit.

Relationship Between Attentional Set Shifting
and Spatial Learning
All correlations between water-maze performance measures
and trials to criterion in the different phases of set shifting
are given in Table 1. Performance on the discrimination
problems was independent of performance on the water
maze in aged rats. The learning index was not correlated
with trials to criterion on each phase; correlations ranged
from —0.211 to 0.199, ps > .489 (Fig. 3). This supports an
independence of age-related impairment in spatial learning
and attentional set shifting. Similarly, no correlations be-
tween set-shifting performance and learning index emerged
in the young rats (r between —.309 and .441, ps > .13). With
regard to cue-training performance, a correlation between
cue-training swim time and errors to criterion on reversal
approached significance in both young and aged rats
(r=-.53 and —.474, p = .063 and .119, respectively). This
correlation is somewhat curious, because it indicates that
better reversal performance (fewer trials to criterion) was
associated with poorer cue-training performance (longer
time to reach the platform). No other correlations between
set shifting and cue-training la-
tency approached significance in

Table 1. Correlations Between Behavioral Measures in Young and Aged Rats either age group (» between —.442
Young SD CD IDS Rev EDS Index  Cuetime  and.377,ps>.15D).
The cue-training impairment

SD = in our aged rats, although mild,
cD G252 - raises concerns because it is not
IDS -0.079 0.683 — . .
Rev —0.728 _0.045 0.169 _ usually seen in aged rats of this
EDS 0.042 -0.049 -0.034 —-0.041 — strain (Gallagher et al. 1993), and
Index 0.307 0.147  -0.309  -0.169 0.441 — because an impairment in cue
Cue time 0.377 -0.200 0.104 -0.530 0.060 -0.237 — L S

training after place learning is as-
Aged SD CD IDS Rev EDS Index Cue time sociated with medial prefrontal le-
D . sions (de Bruin et al. 1994).
CcD 0.220 _ Hence, our population of aged rats
IDS 0.489 0.235 — may be unusual in some way, and
Rev -0.155 0.597 -0.089 — the impairments in cue learning
EDS -0.271 -0.024 -0.221 0.529 — d EDS f d b
Index 0.164  —0.211 0.199 0.004 0.192 — an periormance could be
Cue time  -0.356  —0.289 0.070  -0.474  -0.442  -0.337 — linked. By this view, impaired me-

SD, simple discrimination; CD, compound discrimination; IDS, intradimensional shift; Rev,
reversal; EDS, extradimensional shift; Index, spatial-learning index; Cue time, swim time on
cue-training trials (average of six trials). Correlations with cue-training swim time in aged rats
are based on 12 observations instead of 13, because data for one aged rat were lost. Correla-
tions of absolute value >0.553 (0.576 for cue-training swim time in the aged rats) are significant

at the .05 level, uncorrected for multiple comparisons.
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dial prefrontal function in our
aged sample might be idiosyn-
cratic. However, it is worth noting
that performance on cue training
and EDS are, if anything, nega-
tively correlated (Table 1), that is,
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Figure 3 Relationship between water-maze performance and set
shifting in aged rats. Examination of the relationship between per-
formance of aged rats on the water maze and EDS (A) and on the
water maze and reversal (B) reveals no correlation between spatial
learning and either phase of performance of the attentional set-
shifting task.

poorer cue training is associated with better EDS perfor-
mance, rather than the converse, which would be expected
if the impairments were related.

DISCUSSION

In the present experiment, we compared the performance
of young and aged rats on two different tasks, attentional set
shifting and the Morris water maze. We found that aged rats
as a group were significantly impaired in their ability to shift
their attentional set to a previously irrelevant dimension
(EDS) but not in any other phase of the attentional set-
shifting task. Because young rats with neurotoxic lesions of
the medial frontal cortex are also selectively impaired on
the EDS (Birrell and Brown 2000), our results indicate that
normal aging in rats is associated with impaired medial fron-
tal cortex function. Some aged rats showed an impairment
in learning the reversal, although there was not a significant
group effect.

Although aged rats were impaired in spatial learning in
the water maze, consistent with the findings of many other
studies (Gage et al. 1984; Gallagher and Burwell 1989; Gal-
lagher et al. 1993), their spatial-learning ability was unre-
lated to performance on the attentional set-shifting discrimi-
nation problems, indicating that the age-related decline in
medial frontal cortex function is unrelated to impaired hip-
pocampal function in normal aging. Together, these results
indicate that during normal cognitive aging of rats, different
regions decline independently of each other. The present
study provides a useful behavioral model for selectively
probing neurobiological changes in prefrontal function as-
sociated with aging.

Performance on EDS as a Neuropsychological
Probe for Medial Frontal Function in the Rat
Damage to the lateral or dorsolateral prefrontal cortex re-
sults in a selective deficit in EDS performance in humans
(Owen et al. 1991), marmoset monkeys (Dias et al. 1996a,b,
1997), and macaque monkeys (Moore et al. 2001). Human

E A R N I N G

&

neuroimaging studies also find that performance on the EDS
activates the dorsolateral prefrontal cortex (Rogers et al.
2000). In the rat, medial frontal cortex lesions selectively
impair EDS performance (Birrell and Brown 2000). The
present study adds to these findings by providing evidence
of impaired prefrontal function in aged rats that extends to
a selective deficit in EDS performance.

We used performance on EDS as an indicator of medial
frontal function in aged rats on the basis of the effects of
medial frontal lesions in young rats in the similar experi-
mental paradigm of Birrell and Brown (2000). Our current
findings closely parallel their results; aged rats performed
comparably well to young rats on all phases of the discrimi-
nation learning except for the EDS, in which they were
significantly impaired, similar to young rats with medial
frontal cortex lesions. Thus, this task provides a useful be-
havioral model for probing neurobiological changes in me-
dial frontal function associated with aging in the rat.

There is the concern that the effect observed is not
specific to the medial frontal cortex and that any cortical
damage will cause deficits in EDS performance. Given the
numerous studies providing evidence for the selectivity of
the EDS deficit, this seems unlikely. Nevertheless, impair-
ments in medial temporal lobe function in aging, including
hippocampal dysfunction, are well documented (Gallagher
et al. 1995; Gallagher and Rapp 1997), raising the possibility
that such dysfunction could account for the deficit in EDS
performance seen in the present study. However, we found
no correlation between performance on EDS and on the
water maze, indicating that the neural substrates underlying
these impairments are independent of each other. Given
that water-maze performance depends on the integrity of
the hippocampus (Morris et al. 1982; Gallagher and Holland
1992), the lack of correlation between the two tasks con-
firms that the EDS deficit cannot be the result of hippocam-
pal decline.

In one study, entorhinal lesions resulted in equal rates
of acquisition of the IDS and the EDS, whereas controls
acquired the IDS more rapidly (Oswald et al. 2001), indicat-
ing a role for the entorhinal cortex in attentional function.
Thus, the possibility that the EDS deficit observed in the
present study is the result of entorhinal cortex dysfunction
should be considered. However, the attentional set-shifting
task used by Oswald et al. (2001) is very different from the
present task in that it required the rat to combine novel
exemplars of the formerly irrelevant dimension with the
previously reinforced stimuli of a relevant dimension and
ignore novel stimuli of the other previously reinforced di-
mension. Hence, findings from this task may not generalize
to our testing procedure, in which novel exemplars were
used for both IDS and EDS. In any case, Zyzak et al. (1995)
found no evidence of perirhinal-entorhinal cortical dysfunc-
tion in their aged rats (which were of the same strain and
age as those tested in the present study) on the basis of
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normal performance across delays in the olfactory non-
matching-to-sample task. Hence, it is also unlikely that peri-
rhinal-entorhinal cortex dysfunction accounts for the rever-
sal impairments observed here.

In a recent study, we found that damage to the poste-
rior parietal cortex resulted in a selective EDS deficit (M.T.
Fox et al., in prep.), thus creating the concern that the
impairment observed in the present study was not the result
of medial frontal cortex dysfunction. Hence, the impair-
ment in our aged rats could reflect dysfunction of medial
prefrontal cortex, posterior parietal cortex, or a disconnec-
tion between the two structures. This question could be
addressed by testing aged rats on a cognitive task sensitive
to parietal damage, but not frontal damage, and examining
the relationship of impairment on that task (if any) with
performance on EDS. It is worth noting that other data
indicate that attentional functions of the posterior parietal
cortex are intact in normal aging. For example, Baxter and
Voytko (1996) found that spatial orienting of attention as
measured by a cued reaction task was unimpaired in aged
monkeys. This same task is impaired by damage to the pa-
rietal cortex in humans (Posner et al. 1984). The lack of
impairment of aged monkeys in this task indicates that this
neural system seems to be functionally intact in aging, and
thus parietal cortex dysfunction is less likely to account for
the EDS impairment seen in the present study.

A final possibility is that age-related impairment in stria-
tal function (e.g., Burwell et al. 1995; Nicolle et al. 1996)
could contribute to impaired set shifting. For example, pa-
tients with Parkinson’s disease, who have compromised
basal ganglia function, are impaired in attentional set-shift-
ing tasks (Downes et al. 1989; Owen et al. 1993), and inac-
tivation of the striatum in rats impairs strategy switching in
a discrimination-learning task (Ragozzino et al. 2002). Al-
though the effects of striatal lesions on this task have not
specifically been determined, marmoset monkeys with do-
pamine depletion in the caudate nucleus are not impaired
on attentional set shifting when the EDS is initially admin-
istered and only show an impairment when they are re-
quired to reengage attention to previously irrelevant dimen-
sions (Collins et al. 2000; Crofts et al. 2001). Hence, be-
cause disruption of striatal function by dopamine depletion
produces a different pattern of deficit in the set-shifting
task, we tentatively conclude that age-related impairments
in striatal function also cannot account for our results.

Performance on Reversal

Although as a group rats were not impaired in learning the
reversal, some individual rats showed an impairment at this
phase. Previous studies that have investigated the effects of
aging on reversal in nonhuman primates have found marked
impairments of aged animals in reversing stimulus-reward
associations. For example, impairments in object reversal
(Bartus et al. 1979; Peters et al. 1996; Moss et al. 1999;
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Voytko 1999) and spatial-reversal learning (Lai et al. 1995;
Peters et al. 1996; Moss et al. 1999) have been observed,
although intact spatial (Voytko 1999) and object-reversal
learning (Rapp 1990; Lai et al. 1995) have also been re-
ported. The inconsistencies between these studies can most
likely be explained by the fact that impairments on reversal
may only be apparent the first time a reversal is encoun-
tered (for review, see Baxter 2001). Schoenbaum et al.
(2002) tested aged rats on an odor-discrimination reversal
task and found that aged rats as a group were moderately
impaired in acquiring the reversal-discrimination problems.
Moreover, although aged rats as a group were impaired on
the water maze, there was no association between reversal
and water-maze performance.

Lesion studies have helped to localize the neural sub-
strate underlying reversal deficits to the orbital frontal cor-
tex (Jones and Mishkin 1972; Eichenbaum et al. 1983; Meu-
nier et al. 1997). Rats with lesions of orbital frontal cortex
are impaired on the reversal but not the EDS phase of the
set-shifting task (Brown and Bowman 2002), similar to the
effect of orbital frontal lesions in nonhuman primates (Dias
et al. 1996a,b, 1997). The individual differences observed in
aged rats in our study are consistent with the individual
differences observed in other studies that investigated re-
versal impairments with aging in nonhuman primates and
rats (Lai et al. 1995; Voytko 1997, 1999; Schoenbaum et al.
2002).

It is possible that with a larger sample size, a group
effect on reversal learning in aged rats would have been
statistically significant. It is also possible that because the
reversal was learned more rapidly than the EDS, it may not
be as sensitive a measure to selective orbital frontal dysfunc-
tion as EDS performance is to medial frontal dysfunction. It
is interesting to note that reversal performance was the only
phase of learning that correlated with performance on the
EDS (Fig. 2). When divided into quadrants on the basis of
the maximum number of errors made by young rats, an
interesting relationship emerges. Some rats performed
equally well as young rats on both the EDS and the reversal,
indicated by the subjects in the bottom left quadrant of
Figure 2. However, among the aged rats impaired on the
EDS (upper two quadrants), there does not appear to be a
correlation between EDS performance and reversal perfor-
mance. It is also worth noting that in our sample, every aged
rat that showed an impairment on the reversal was also
impaired on the EDS, although there were some subjects
that showed an impairment on EDS but not on reversal.

Despite the absence of a significant group effect on
reversal learning, we tentatively conclude that the reversal
impairment observed in individual aged rats in the present
study is a result of age-related orbital frontal cortex dysfunc-
tion. Medial frontal dysfunction probably cannot account
for reversal impairment; although there was a correlation
between EDS and reversal performance in the aged rats, this
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appeared to stem from an absence of aged rats that were
impaired in reversal but not EDS. Furthermore, medial fron-
tal cortex lesions are without effect on reversal perfor-
mance in young rats in this task (Birrell and Brown 2000).
Dysfunction of other brain regions, namely hippocampus
and rhinal cortex, could also produce a reversal impair-
ment. Although hippocampal damage can cause impair-
ments on reversal learning (Mahut 1971; Becker et al. 1981;
Murray et al. 1998), there was no correlation between per-
formance on the water maze and performance on the re-
versal in this study, indicating that hippocampal damage
cannot account for the observed reversal impairments.
Damage to the perirhinal-entorhinal (rhinal) cortex is also
associated with impairments in reversal learning (Murray et
al. 1998), although again, given that Zyzak et al. (1995)
found no evidence of perirhinal-entorhinal cortical dysfunc-
tion in their aged rats, damage to the perirhinal-entorhinal
cortex is unlikely to account for the reversal impairments
observed here.

The lack of a group effect of aging on reversal learning
and the fact that every rat that was impaired on reversal was
also impaired on EDS indicates that orbital frontal cortex
may be more resistant to age-related decline than the medial
frontal cortex. This might tentatively indicate that the pro-
gression of dysfunction seems to be that decline in the
medial frontal cortex occurs before decline in the orbital
frontal cortex. This speculation could be addressed directly
by a cross-sectional study in which rats of different ages are
tested in this task.

Toward a Model of Aging in the Prefrontal
Cortex of the Rat
The utility of a model of cognitive aging in the rat prefrontal
cortex depends on the extent of homology between the
prefrontal cortex of the rat and that of the primate. If rats do
not have a prefrontal cortex, then the study of its role in
cognition is limited to nonhuman primates. As mentioned in
the beginning of the article, the existence of a cortical area
in the rat homologous with primate dorsolateral prefrontal
cortex is controversial (Preuss 1995; Ongiir and Price
2000). Nevertheless, at least with regard to the aspects of
executive function engaged by the attentional set-shifting
task, the medial frontal cortex of the rat seems to represent
a functional homolog to primate lateral prefrontal cortex
(Birrell and Brown 2000; Brown and Bowman 2002).
Cognitive aging does not appear to consist of a single
process that progressively impairs the functions of different
neural systems in parallel; rather, different neural systems
decline independently in aging, with substantial differences
across individuals (for review, see Gallagher and Rapp 1997;
Baxter 2001). This phenomenon was seen in the present
study in which declines in prefrontal cortex function in
aged rats (indexed by the reversal and EDS phases of the
task) were uncorrelated with performance in the Morris
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water maze, an index of hippocampal function. The atten-
tional set-shifting task appears to provide a reasonable basis
for evaluating prefrontal function in aged rats. Because per-
formance on this task appears to be independent of hippo-
campal function, impaired spatial-information processing in
aged rats should not contaminate performance. Further-
more, administration of the task is very rapid and requires
only a few days to complete, a serious consideration when
dealing with very old animals, when compared with other
operant tasks that may require months to achieve stable
performance.

Relative to age-related alterations in hippocampal func-
tion in aging rats, comparatively little is known about age-
related changes in prefrontal cortex function, and virtually
nothing is known about the functional significance of age-
related changes in prefrontal function in terms of their im-
pact on cognitive functions that specifically require prefron-
tal cortex. A candidate mechanism for disruption of prefron-
tal function in aging is loss of excitatory amino acid
(glutamate) receptors, which decline in prefrontal cortex of
aged rats and mice (Le Jeune et al. 1996; Magnusson 1998).
It is also quite possible that neurobiological changes that
disrupt the function of the aged prefrontal cortex are dif-
ferent from those that disrupt the aged hippocampus. In-
deed, in normal young animals, there is evidence that acti-
vation of intracellular signaling cascades (such as protein
kinase A) can have opposite effects on memory in prefron-
tal cortex as in hippocampus (Taylor et al. 1999). Investi-
gation of neurobiological markers in prefrontal cortex of
aged rats tested on prefrontal-dependent cognitive tasks like
the attentional set-shifting procedure will provide insight
into the biological mechanisms of cognitive aging in this
brain region.

MATERIALS AND METHODS

Discrimination Learning

Subjects

Twenty-six Long Evans male rats (Charles River) were housed in-
dividually in 25 x 46 x 20-cm plastic cages. Aged rats were ac-
quired at 3 mo of age and pair-housed until 14-16 mo of age, at
which time they were housed individually. Testing was conducted
during the light phase of a 12-h light/dark cycle, beginning at 8 a.m.
The rats were maintained on a restricted diet with the amount of
food administered contingent on their performance on the food-
motivated task. A weight of 85% of ad lib body weight served as a
guideline; certain individual aged rat subjects were briefly reduced
below this weight to motivate performance because their baseline
weights were relatively high (670-835 g). Water was freely avail-
able in the home cage. At the time of discrimination testing, aged
rats were 27-28 mo old and young rats were 4-5 mo old.

Apparatus

Rats can readily be trained to dig in small bowls filled with sawdust
to retrieve food reward (e.g., Wood et al. 1999). The experiment
used terra-cotta flower pots as digging bowls, with an internal di-
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ameter and depth of 10 cm. The food reward was a half of a Honey
Nut Cheerio (General Mills). The rim of the pot could be scented
with perfumed oils (Body Shop perfume oils or Florasense Oils),
and the terra-cotta absorbed the scent to produce a long-lasting
odor.

The test apparatus was a Plexiglas box measuring 50 x 37.5 x
25 cm with an opaque Plexiglas barrier separating one third of the
box from the rest. The two digging pots were placed adjacent to
each other in the larger section of the box while the rat waited in
the smaller section. The rat was given access to the pots by raising
the divider, which was then lowered once the trial had begun.

Habituation

Testing procedures were adapted from Birrell and Brown (2000).
On the day before testing, rats were placed in the testing box and
given access to two pots filled with the bedding used in their home
cages and baited with several Cheerios. The cups were rebaited
continuously until the rats were digging reliably to retrieve the food
rewards. This session lasted ~30 min. At the end of this period, rats
were trained sequentially on two simple discrimination (SD) prob-
lems. One consisted of odor of rose versus sensual in home-cage
bedding, and the other consisted of medium of crumpled tissue
paper versus shredded latex gloves with no added odor. Each SD
was trained to a criterion of six consecutive correct trials. The
order of the two SDs and positive stimulus were randomized across
rats, with the stimulus set for each aged rat pair-matched to one
young control. These stimuli were not used again in subsequent
testing.

Testing Paradigm

A trial began by raising the barrier to allow the rat access to the two
digging pots, only one of which was baited. The first four trials of
each discrimination constituted a discovery period in which the rat
was allowed to dig in both pots. An error was recorded if the rat
first dug in the unbaited pot. After the first four trials were com-
pleted, the rat was only allowed to dig in one of the two pots. If the
rat dug first in the unbaited pot, it was returned to the smaller
section of the box and not permitted to find the food reward in the
other pot. Testing continued until the rat reached a criterion of six
consecutive correct trials on a discrimination problem. The next
discrimination in the series was introduced immediately after cri-
terion was reached on the preceding problem. Occasionally a rat
would stop searching for rewards in the middle of the test session
during the beginning trials of the EDS (two aged rats); in these
cases the session was ended and continued on the next day.

In a single test session, rats performed a series of discrimina-
tions paralleling the procedure used by Birrell and Brown (2000)
(Table 2). Initially, an SD between either two odors or two digging
media was presented, followed by a compound discrimination
(CD) with the same positive stimulus as the initial SD. If the SD was
an odor discrimination, the cups were filled with a neutral medium
(corncob bedding). If the SD was a medium discrimination, the
media were presented in two unscented cups. In the CD, the new
dimension that was introduced did not reliably predict the location
of the food reward. An IDS was then presented; the IDS was an-
other compound discrimination in which both the particular
stimuli were changed, but the relevant dimension (either odor or
medium) remained the same. The IDS problem was then reversed,
so that the formerly negative stimulus became the positive stimulus
(and vice versa), with the irrelevant dimension still not predictive
of the location of the reward. Finally, the rats were presented with
an EDS in which the formerly irrelevant dimension became the
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Table 2. Example of a Possible Combination of Stimulus
Pairs for a Rat Shifting from Digging Medium to Odor as the
Relevant Dimension

Dimension Exemplar combinations
Discrimination Relevant Irrelevant S+ S—
SD Medium M1 M2
CD Medium  Odor M1/01 M2/O2
M1/02 M2/01
IDS Medium  Odor M3/03 M4/04
M3/04 M4/03
Reversal Medium  Odor M4/03 M3/04
M4/04 M3/03
EDS Odor Medium O5/M5 06/M6
05/M6 0O6/M5

Half of the rats switched from medium to odor and half
switched from odor to medium. The correct examplar is shown
in bold and can be paired with either exemplar from the irrel-
evant dimension. In the IDS and EDS, the stimuli were novel
exemplars of each dimension.

relevant one, and the previously relevant dimension no longer held
predictive value.

Eight of the rats in each group were trained with medium as
the relevant dimension in the SD, CD, IDS, and reversal, and shifted
to odor for the relevant dimension of the EDS; the other five rats in
each group were trained in the opposite direction, with odor as the
relevant dimension for the first four phases. (The death of several
aged rats after the counterbalancing was designed caused the un-
equal division of rats between medium and odor as the initial train-
ing dimension.) The particular stimuli used for each discrimination
problem (Table 3) were also randomized across subjects. All media
included a small amount of powdered Cheerios reward to discour-
age the rat from trying to sniff out the hidden reward. For example,
a rat shifting from odor to medium might first encounter an SD
between mulberry and patchouli in cups filled with neutral (corn-
cob) bedding. The reward would consistently be located in the cup
with one of the pair of scents, for example, patchouli. On reaching
criterion on this discrimination, the CD would be introduced with
the same two odors but now with two different media. For in-
stance, the rat could encounter a mulberry cup filled with foam

Table 3. Stimulus Pairs Used

Odor pairs Medium pairs

Foam rubber vs. plastic beads

Gravel vs. BBs

Pine shavings vs. shredded
manila folders

Jasmine vs. vanilla
Mulberry vs. patchouli
Cinnamon vs. gardenia

The exemplars within a dimension were always used in pairs,
for example, whenever jasmine appeared as one odor within a
discrimination, the other odor was vanilla. No two rats within
the same group received the same combinations, but the aged
and control groups were matched. The order of presentation of
exemplars and the combination of exemplars into positive (+)
and negative (-) stimuli was determined by a pseudorandom
series generated before testing.
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rubber and a patchouli cup with plastic beads or a mulberry cup
with plastic beads and a patchouli cup with foam rubber. In either
case, the reward would be located in the patchouli cup regardless
of the medium filling the cup. On reaching criterion on the CD, the
IDS would be introduced with an entirely new set of exemplars.
For example, this rat would be presented with a jasmine cup filled
with gravel and a vanilla cup filled with BBs or a jasmine cup filled
with BBs and a vanilla cup filled with gravel. Again, regardless of
the medium, the food reward was consistently associated with one
of the scents, for example, vanilla. Once the rat reached criterion
on the IDS, the reversal would be introduced. On these trials, ex-
actly the same stimuli would be presented as in the IDS, but now
the jasmine cup always contained the food reward. On reaching
criterion on the reversal, the EDS would be introduced with the
third set of entirely new exemplars. For example, the rat would be
presented with a cinnamon cup filled with pine shavings and a
mulberry cup filled with shredded manila folders or a cinnamon
cup filled with shredded manila folders and a mulberry cup filled
with pine shavings. Now the reward would be consistently associ-
ated with one of the media (e.g., pine shavings) regardless of the
odor scenting the cup.

There were too many possible pairings and orderings of
stimuli to permit full counterbalancing; therefore each stimulus
was matched with a pair (e.g., when jasmine was the positive
stimulus, vanilla was always the negative stimulus). The order of
presentation of stimuli was counterbalanced to the greatest degree
possible across rats. Particular care was taken to ensure that each
exemplar was the positive stimulus of the EDS for at least one pair
of subjects and the negative stimulus for another. With the excep-
tion of pair-matched controls, no two subjects were presented the
stimuli in the same order.

Morris Water Maze

Four to 6 wk before testing on the discrimination tasks, the young
and aged groups had been tested in the Morris water maze accord-
ing to standard procedures (e.g., Baxter et al. 1995). A water maze
(diameter 180 cm) was filled with an opaque mixture of white,
water-soluble Crayola paint and water that was heated to 27°C
before the administration of experimental trials. A collapsible Plexi-
glas platform (12 cm x 12 cm surface) extended from the floor of
the tank to ~1.5 cm below the surface of the water. The tank was
surrounded by black curtains and illuminated from above by four
60-watt lights. Four high-contrast, black and white visual cues (4
ft x 3 ft) were affixed to the curtains, positioned at the North, East,
South, and West sides of the tank, respectively. A white sheet
covered the ceiling; a small video camera for tracking the rats’
movements protruded through the center of the sheet. An HVS
VP-200 tracking system and VCR were connected to the video
camera, and each rat’s data were collected using HVS Water for
Windows (HVS Image).

For the initial place-learning problem, the platform was placed
in the Southeast quadrant. Three trials per day were given each day
for 8 d. On each trial, the rat was placed in the pool along the
perimeter of the tank facing the tank wall. The four entry points,
North, East, South, and West, were randomized across trials, but
the same sequence of start points was used for each rat. Standard
learning trials ended when the rat located the escape platform, or
when 90 sec had elapsed, at which time the rat was guided to the
platform. In either case, the rat was allowed to remain on the
platform for 15 sec before being returned to a holding cage for a
30-sec intertrial interval. Every sixth trial (i.e., the last trial on days
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2, 4, 6, and 8) was a probe trial during which the platform was
lowered to the bottom of the pool for the first 30 sec of the trial,
making it unavailable for escape, and was then raised using a con-
cealed drawstring. The rat was then allowed an additional 60 sec to
locate and escape onto the platform. On the day after the comple-
tion of the place-learning problem, six cue-training trials were
given. The collapsible platform was replaced with a moveable cir-
cular platform, 10 cm in diameter, with black tape around the edge.
The surface of the platform was 1-2 cm above the surface of the
water in the pool. The platform was moved to different positions in
the maze on each trial and placed in the center of one of the four
quadrants according to a predetermined pseudorandom order. The
rat was allowed 30 sec to reach the platform on each trial. The
intertrial interval for cue-training trials was 15 sec. The time taken
by the rat to swim to the platform on each trial was recorded.

The primary measure of performance in the water maze was
a learning index calculated from performance on probe trials. This
index was calculated as described by Gallagher et al. (1993) and
was a weighted sum of average proximity to the platform on the
second, third, and fourth probe trials. The formula used was 1.26 x
(second probe proximity) + 1.43 x (third probe proximity) + 1.43
x (fourth probe proximity). Because the water-maze protocol was
identical to that used by Gallagher et al. (1993) and the same strain
of rats were used, we thought it appropriate to use the same mul-
tipliers to derive the learning-index scores. Our average learning-
index scores are somewhat higher than those reported by Galla-
gher et al. (1993), indicating that the physical characteristics of our
maze environment (e.g., positioning of cues and lighting) may
make acquisition of the place problem somewhat more challenging
in our laboratory. We also examined average swim time on cue-
training trials to determine whether sensorimotor impairments in
the aged rats might have influenced performance in the spatial
phase of the water-maze task.
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