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Abstract

Aged non-human primates are a valuable model for gaining insight into mechanisms underlying neural decline with aging and during the
course of neurodegenerative disorders. Behavioral studies are a valuable component of aged primate models, but are difficult to perform,
time consuming, and often of uncertain relevance to human cognitive measures. We now report findings from an automated cognitive test
battery in aged primates using equipment that is identical, and tasks that are similar, to those employed in human aging and Alzheimer’s
disease (AD) studies. Young (7.1 0.8 years) and aged (23.0£0.5 years) rhesus monkeys underwent testing on a modified version of
the Cambridge Automated Neuropsychological Test Battery (CANTAB), examining cognitive performance on separate tasks that sample
features of visuospatial learning, spatial working memory, discrimination learning, and skilled motor performance. We find selective cognitive
impairments among aged subjects in visuospatial learning and spatial working memory, but not in delayed recall of previously learned
discriminations. Aged monkeys also exhibit slower speed in skilled motor function. Thus, aged monkeys behaviorally characterized on a
battery of automated tests reveal patterns of age-related cognitive impairment that mirror in quality and severity those of aged humans, and

differ fundamentally from more severe patterns of deficits observed in AD.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Decline in cognitive function occurs with normal aging.
In humans, age-related cognitive decline is reflected in tasks
that assess learning and memory, executive function, atten-
tion, and processing speed (De Luca et al., 2003; Kausler,
1994; Sliwinski and Buschke, 1999). For example, episodic
or working memory is affected in normal aging, a function
attributable to frontal lobe systems (Nilsson, 2003), whereas
other memory systems are relatively spared, including many
of those associated with temporal-hippocampal systems (De
Lucaetal., 2003; Hanninen et al., 1997; Kausler, 1994). Neu-
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rodegenerative disorders, such as Alzheimer’s disease (AD),
result in cognitive impairments that exceed in degree and
functional anatomy those observed in normal aging, includ-
ing changes in visuospatial learning, attention, and working
memory (Blackwell et al., 2004; Fowler et al., 2002; Weaver
Cargin et al., 2006). The more global sets of deficits in
AD therefore point to dysfunction of broad cortical regions,
including both frontal and temporal-hippocampal systems.
Cross-species studies of age-related cognitive decline can
potentially yield insight into systems and underlying mech-
anisms that distinguish normal age-related changes from
pathological memory decline in such disorders as AD.
Various neuropsychological tests have been developed
to examine specific aspects of cognitive function in both
humans and non-human primates. Batteries of tasks pro-
vide an opportunity to test a wide spectrum of cognitive
abilities, and emerging patterns of deficits can thereby
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provide insight regarding neural systems that are impaired
with normal aging or in neurodegenerative disease. One
battery of cognitive tests, CANTAB (the Cambridge Neu-
ropsychological Test Automated Battery), was designed to
adapt paradigms developed in animal models for use in
humans, using computer-based testing (Owen et al., 1996,
1991; Robbins et al., 1998; Sahakian and Owen, 1992).
Computer-based batteries provide automated testing that
frees the experimenter from performing one-on-one testing,
offers a neutral setting in which to conduct testing, and poten-
tially avoids confounds associated with operator—subject
interactions or bias. The present study used a modified version
of the CANTAB set of tasks to measure cognitive function
in aged monkeys, thereby providing an opportunity to com-
pare patterns of age-related deficits in monkeys and humans
tested using similar cognitive test paradigms and identical
testing equipment. While previous studies have successfully
used automated cognitive testing in non-human aged primates
(e.g., Bartus et al., 1978; Buccafusco et al., 2002; Moore et
al., 2005; Voytko, 1993), the CANTAB set of tasks utilizes
the same testing hardware and comparable software across
species, potentially supporting more direct comparisons of
age-related deficits across species. Similarities of cognitive
decline in aged monkeys and humans would demonstrate
cross-species effects of aging and substantiate the poten-
tial relevance and importance of non-human primate studies
in understanding neuronal substrates underlying human
aging.

Adult and aged rhesus monkeys were tested using
CANTAB on a variety of tasks assessing working mem-
ory, visuospatial learning, discrimination learning/retention,
and skilled motor performance (Taffe et al., 2004; Weed
et al., 1999). We now report selective deficits in tasks
assessing working memory and learning in aged mon-
keys, with relative preservation of discrimination learning
and retention; these patterns of dysfunction with aging
mirror reports in humans tested under similar condi-
tions.

2. Methods
2.1. Subjects

Twenty-one rhesus monkeys (Macaca mulatta) served as
experimental subjects. Young adult monkeys ranged in age
from 4.5 to 9.7 years (7.1 £ 0.8 years; N=6; 3 males, 3
females) at the start of behavioral testing, while aged mon-
keys ranged in age from 20.4 to 27.4 years old (23.0£0.5
years; N=15, 11 males, 4 females; Table 1). Subsets of mon-
keys were tested on each task, as indicated below and in
Table 1. Animals were housed at the California Regional Pri-
mate Research Center, and animal care conformed to National
Institutes of Health and institutional guidelines regarding the
health, safety, and comfort of animals. Testing sessions were
conducted in the morning.

2.2. Apparatus

Monkeys were tested in their home cages using a touch-
sensitive computer screen controlled by a Pentium type
computer running CANTAB software (Cambridge Cogni-
tion, Cambridge, UK) designed for use with non-human
primates. A pellet dispenser (Med Associates Inc.) provided
a food reward (190 mg flavored pellets; P.J. Noyes Co., Lan-
caster, NH) to reinforce participation and correct responses.
Food restriction was introduced only when subjects required
additional reinforcement, to no more than 10% decline in
weight from baseline.

2.3. Behavioral tests

The battery of tests used in the present study has been
previously described for young adult rhesus monkeys (Taffe
et al., 2004; Weed et al., 1999), with several modifications
as described in greater detail below. In particular, some tasks
were simplified to accommodate impaired learning in aged
monkeys that was identified in preceding pilot studies. For
example, testing was not performed with a full test battery
of “intradimensional—extradimensional set shifts” on the dis-
crimination task, a departure from traditional testing in young
monkeys (Taffe et al., 2004; Weed et al., 1999). All subjects
were first trained to touch a stimulus on the computer screen
to obtain a food pellet reward. Following acquisition of this
procedure, subjects were trained on four tasks.

2.4. Visuospatial learning

Five young (6.6 £0.8 years) and nine aged (23.3+£0.6
years) monkeys (Table 1) were tested on this working mem-
ory task that is dependent on both frontal cortical and
temporal-hippocampal systems (Gould et al., 2006, 2003;
Meltzer and Constable, 2005). The visuospatial learning task
requires the subject to learn to associate a cue with a spe-
cific location on the computer screen, as previously described
(Fig. 1) (Taffe et al., 2004). The subject is shown a stimulus
(e.g., red square) in one of four possible locations on the
screen (top, bottom, left or right), and must recall the correct
location of the stimulus among several choices after a brief
delay (1s). For initial training on the task, the monkey is
required to learn the location of only one stimulus. First, the
monkey is shown the stimulus during the “Sample” phase.
After making a response (by touching the stimulus on the
screen), the screen becomes blank for 1 s and the sample stim-
ulus is presented again in the same location (“Choice” phase).
The monkey is rewarded for touching the stimulus again; this
simple version of the task facilitates responding during ini-
tial training and does not test memory. The complexity of
the task is then increased to assess visuospatial learning by
presenting two choices after the 1s delay (Fig. 1A); only
choice of the stimulus in the original location is rewarded
and scored as correct. Complexity is subsequently further
increased by presenting the stimulus in three locations in the
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Table 1
Experimental subjects
Subject no. Age Gender Group Visuosp® SWMP Discrimination/memory® Motor
1 44 Male Young X X X
2 5.0 Male Young X X
3 74 Female Young X X
4 7.6 Female Young X X X X
5 8.8 Female Young X X X
6 9.7 Male Young X X X
7 20.4 Male Aged X
8 20.4 Male Aged X
9 21.5 Male Aged X X
10 21.6 Male Aged X X
11 21.6 Male Aged X X
12 21.9 Male Aged X
13 22.3 Female Aged X X
14 224 Male Aged X
15 22.8 Male Aged X X X
16 23.1 Male Aged X X
17 23.7 Female Aged X X X
18 24.1 Male Aged X X X
19 24.9 Male Aged X X X
20 26.5 Female Aged X X X
21 27.4 Female Aged X

? Visuospatial task.
b Spatial working memory.
¢ Shape discrimination and memory retention.

choice phase (Fig. 1B). Selecting a stimulus in an incorrect
location is scored as an error, and failure to touch the screen
within 30s is scored as a “miss”’; both types of responses
produce a 5-s blank “punishment delay” screen. A correct
response presents a new trial after only a 1-s blank screen.
Novel stimuli and locations are presented in each trial.

Testing then proceeds to a “Correction” version of the
task in which one stimulus is presented in the sample phase,
followed by three stimuli in the choice phase; as above, the
monkey must choose the stimulus in its original location.
However, the same stimuli and locations are repeated over up
to five trials to correct the subjects’ performance in the event
they have made errors, as was commonly the case with aged
subjects (Fig. 1C). In this way, the monkey’s performance is
shaped toward improving accuracy on the task.

In a more demanding form of this task, difficultly is
increased by providing a stimulus in the first sample phase,
then providing a different stimulus in a second sample phase
(Fig. 1D). In the choice phase, the monkey is required to
select the stimulus as it was located in the first sample phase,
and then to select the second stimulus as it was located in
second sample phase (Fig. 1D); both stimuli must be cor-
rectly selected to pass the trial. The stimulus-location pairings
(sample and choice phases) are repeated up to five times to
facilitate learning.

For single-trial training on this task, each test session con-
sisted of five trials of the single stimulus in one location, 20
trials of the single stimulus in two choice locations, and 20
trials of the single stimulus in three choice locations; approx-
imately 20 test sessions were performed. For multiple-trial
(“Correction”) training, each test session consisted of five

different sets of the single stimulus in two choice locations,
five sets of the single stimulus in the three choice locations,
and 30 sets of two-sample stimuli in two choice locations;
approximately 40 sessions were performed.

2.5. Spatial working memory

Four young (7.6 + 1.1 years) and five aged (24.0+0.8
years) monkeys (Table 1) were tested on the spatial work-
ing memory task, referred to in the CANTAB literature as
the “Self-Ordered Spatial Search.” The task is thought to
assess frontal lobe working memory functions (Pantelis et
al., 1997; Robbins et al., 1998). Subjects are shown a set
of two or three boxes in different locations on the computer
screen (Fig. 2A and B). At the onset of the trial, the monkey
must touch one box. After the first touch, the selected box
briefly (0.1 s) changes color, the screen becomes blank for a
short period (0.25-2s), and the same set of boxes are pre-
sented again (Fig. 2A and B). The monkey must now touch
each remaining box in any sequence, without returning to
a box previously touched, to receive a food reward (hence,
“self-ordered”), a task bearing similarity to, for example, the
radial arm maze in rodents (Becker et al., 1980; Olton and
Samuelson, 1976) and primates (Rapp et al., 1997). The trial
ends when: (1) all boxes have been touched once (“correct”
trial), (2) any box is touched twice (“incorrect” trial), or (3)
there is no response after 30 s (“miss” trial). Completion of
a correct trial results in a 5-s inter-trial interval before the
beginning of the next trial; the completion of an incorrect
trial results in a tone (0.2 s) and a 9-s inter-trial interval. Fail-
ure to respond to the screen within 30 s results in a tone and a
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9-s delay before starting the next trial. The initial training on
this task begins with two boxes, a short screen blank (0.25 s),
and reinforcement at the end of a correct trial. With improve-
ment in performance, the task difficulty is increased by adding
3-box trials, and by implementing longer delays (up to 2 s).
During initial training on this task, subjects received 20 trials
with the 1-box condition and 20 trials with the 2-box con-
dition using a 0.25 s delay, over an average of 25 sessions.
In the next stage of training, subjects received 10 trials with
the 1-box condition, 20 trials with the 2-box condition, and

20 trials with the 3-box condition using a 0.25s delay on
each test session, over approximately 30 sessions. Finally,
subjects were tested on the same schedule with longer delays
of 0.5s, 1s, and 2s over approximately 15 additional test
sessions.

2.6. Shape discrimination and memory retention

Four young (7.4 £ 1.0 years) and 10 aged (22.4+£0.6
years) monkeys (Table 1) were tested on a shape
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Fig. 1. Visuospatial learning. In this visuospatial learning task, monkeys learn to associate a stimulus with a specific location. (A) In the 1 stimulus/2 location
version of the task, the monkey is shown a stimulus in one location during the sample phase (red square, bottom edge), and after a brief delay, the monkey
learns to chose the stimulus in the same location among two possible options (choice phase). (B) Similarly, in the 1 stimulus/3 location version of the task,
the monkey is shown a stimulus in one location, and then learns to select the stimulus in the same location among three options in the choice phase. Young
monkeys (N =4) showed significant improvement in performance when tested with (A) two choices and (B) three choices over the initial seven blocks of training
(post hoc repeated measures ANOVA, p <0.001 both tasks). In contrast, aged monkeys (N =7) showed no improvement in performance over successive blocks
tested under either condition, and differed significantly from young monkeys in overall performance over time (Age x Block interaction, p <0.001; *p <0.05
indicates significant difference on post hoc analysis during individual sessions). (C) Monkeys were then tested using repeated trials to allow correction of
errors, and aged monkeys were now able to learn the task over successive trials (Age x Block interaction, p <0.05). Graph shows mean percent correct choices
on first of five trials. While the performance of aged monkeys differed from young monkeys initially in the multiple trial format (Blocks 1-3, *p <0.05 post
hoc Fischer’s), performance over subsequent blocks improved to levels of young subjects. (D) When task complexity was further increased by presenting two
stimuli over successive sample and choice phases, aged subjects demonstrated significant impairment in performance over blocks compared to young monkeys
(Age x Block interaction, p <0.05). As in panel (C), graph shows mean percent correct choices on first of five trials. Nonetheless, the performance of both young
(p<0.05) and aged (p <0.05) monkeys significantly improved over trial blocks. Significant differences in performance comparing aged and young monkeys
during specific blocks are indicated by (*p <0.05, post hoc Fischer’s).
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discrimination task (adapted from the “Intradimen-
sional/Extradimensional Shift” test of CANTAB software)
incorporating a new retention component to assess delayed
memory. This type of stimulus-reward associative learning
task is thought to utilize temporal-hippocampal substrates
(Luciana and Nelson, 1998; Moss et al., 1981). In the shape
discrimination task, subjects learn to discriminate between
two target shapes; the target shapes are overlapped by thin
white lines (distracting stimuli) which must be ignored
(Fig. 3A). The monkey learns that one of the solid shapes is
associated with a reward (two food pellets), while ignoring
the distracting linear stimuli. The subject is trained on each
discrimination pair to criterion performance of 90% success,
defined as choice of the reinforced shape correctly in 18 out
of 20 consecutive trials. For example, the subject may fail
to reach criterion in the first 70 trials in a given test session,
but if the subject then chooses the correct test stimulus in 18
of the next 20 trials, criterion performance is achieved, and
the subject continues to the next step of the task. Following
a correct choice, an inter-trial interval of 5s is given before
the next screen is presented; following an incorrect choice,
there is a tone (0.2s) and a 9s inter-trial interval. Each
testing session consists of an acquisition component in
which the subject must learn to the correctly discriminate
the first pair of shapes and then a second pair of different
shapes to 90% accuracy (Fig. 3B). A subject is provided up
to 240 trials to complete both pair discriminations in the

acquisition component. If the subject successfully completes
the first two discrimination pairs (Stage 1), they are re-tested
1h or 24h later in the retention component of the task
(Fig. 3B) (Stage 2). In retention testing, the subject first
learns to discriminate a 3rd, novel pair of shapes to criterion
performance (90% accuracy). The subject is then re-tested on
a discrimination pair learned in the acquisition component
of this task, to test retention of the previously learned
shapes. Novel sets of shapes to discriminate are provided on
each test block. Criterion performance consists of selection
of the previously reinforced stimulus in 90% of trials.
The subject is provided up to 240 trials to reach criterion
performance on both pairs in the retention component of this
task.

Successful completion of the discrimination pairs in a
session indicates that the monkey has acquired the rules of
the discrimination task (i.e., to discriminate the shape and
ignore the distracting lines). Performance on the retention
component of the task after 1h or 24 h delays can then be
analyzed to gauge retention for previously learned shapes.
Monkeys received approximately 15 sessions of testing on
the discrimination task.

2.7. Motor task

Four young adult (7.6+1.1 years) and seven aged
(24.0 £0.8) monkeys (Table 1) were tested on a timed task
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Fig. 2. Spatial working memory. (A) In the self-ordered spatial working memory paradigm, the monkey is given a screen with two squares in different locations
on the screen (2-box condition). The monkey learns to touch one square on the first screen and the other square on the next screen for a food reward; if the
monkey touches the box in the same location, an error is recorded for the trial. (B) In the more difficult 3-box condition, the monkey is given a screen with
three squares and must learn to touch one square on the first screen, a different square on the second screen, and the last square on the third screen in any order
the subject decides (self-ordered), but without touching a previously presented object. (C) In the simple 2-box condition, both young (N=3) and aged (N=5)
monkeys exhibited improved performance over successive trials (ANOVA: block main effect, p <0.02). Overall, however, aged monkeys did not perform as
well as young subjects (ANOVA: age main effect; p <0.05). (D) In the more complex 3-box condition of the task, neither aged nor young monkeys were able

to learn (ANOVA, non-significant).
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Fig. 3. Shape discrimination and retention. (A) The shape discrimination task utilizes pairs of solid cues and superimposed multi-lined distracters to examine
subjects’ ability to discriminate objects, and to retain discriminations after delays. The monkey learns to discriminate two solid cues when one is reinforced
(e.g., sun-shaped cue) and the other shape is not, while ignoring the distracting white lines. (B) Monkeys were trained on four pairs of discriminations to a
criterion of 90% accuracy in an individual test session. In the acquisition phase, the monkey learns two novel discrimination pairs (1st, 2nd pairs) followed by a
delay (1 h, 24 h); in the retention phase, the monkey learns a 3rd novel pair and then is retested on the 2nd pair (as a measure of retention for a previously learned
discrimination). (C) In initially learning to successfully discriminate a single pair of objects, aged monkeys (N=9) and young monkeys (N =4) both required
nearly 200 trials in Block 1 to reach criterion performance (correct identification of the reinforced object in 18 of 20 successive trials). In subsequent Blocks,
young monkeys rapidly learned novel discriminations, whereas aged subjects continued to require many trials (*p <0.05 in Blocks 2 and 3). Over Blocks 4
and 5, the performance of aged monkeys improved and no longer differed significantly from young subjects. (D) The number of sessions required to learn all
four discrimination pairs successfully for the first time also differed significantly when comparing young and aged monkeys (p <0.05). (E) However, once the
monkeys were able to learn the “rules” of the shape discrimination task (to complete all four discriminations in a single session), subsequent acquisition and
retention of discrimination pairs did not differ among groups. Aged and young groups both required 50-65 trials to acquire the discrimination, and retention
of the discrimination after 1 h or 24 h improved significantly by approximately 50% in both groups compared to acquisition performance (p <0.05). (F) The
performance of young and aged monkeys did not differ in acquiring the 3rd novel discrimination, indicating that improved performance on the repeated (2nd)
discrimination pair in the retention phase (panel E) likely represented retention of the previously performed discrimination, rather than a practice effect.
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measuring speed to retrieve raisins using two hands, as a
general reflection of motor agility (Fig. 4A). This was the
only task that did not use the automated touch screen, and
was used to confirm the general ability of monkeys to use
the hands to generate responses. Raisins were placed entirely
within round holes measuring 8 mm in diameter, 8 mm in
depth, and spaced 13 mm apart in a 3 x 5 array. Successful
retrieval required use of both hands, pushing the raisin with
one finger from one side of the board, and retrieving the raisin
from the opposite side with the other hand (Fig. 4B). The time
required to retrieve 15 raisins was recorded with a limit of
120s.

2.8. Sequence of task presentation

Based on pilot data suggesting that concurrent testing on
multiple tasks may result in interference in task performance,
subjects completed testing on individual tasks before moving
to the next task, in the following order: visuospatial task, spa-
tial working memory, shape discrimination, and motor task.
Subjects would typically begin training on their “next” task
the day after successfully completing testing of the preceding
task.

2.9. Data analysis

Results were statistically analyzed using repeated mea-
sures ANOVA and post hoc Fisher’s in tasks with multiple
trials, or two-tailed #-tests if comparing two groups of data,
using a significance criterion of p<0.05. Data are pre-
sented as mean + S.E.M. Statistical analyses failed to show
gender-dependent differences in outcomes and results from
the genders have been combined in the presentations; how-
ever, because these studies were not prospectively designed
to assess gender-based differences in outcomes, conclu-
sions regarding gender-based differences in testing are not
attempted (see Section 4).
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3. Results
3.1. Visuospatial learning task

On the simplest form of the visuospatial learning task,
requiring correct stimulus choice among two possible
locations, aged monkeys exhibited significant impairments
compared to young subjects (Age x Blocks interaction,
p<0.0001; Fig. 1A). Young monkeys exhibited significant
improvement in task performance over serial blocks of test-
ing (posthoc repeated measures ANOVA, p <0.001), whereas
aged subjects did not (post hoc repeated measures ANOVA
non-significant). In addition, the performance of aged sub-
jects differed significantly from young subjects on the final
two blocks of testing (post hoc t-test, p<0.05; Fig. 1A).
Not surprisingly, when testing under these conditions was
made more complex by presenting monkeys with three pos-
sible locations in the choice phase of testing (Fig. 1B),
aged subjects continued to perform only slightly above
chance and failed to improve over trial blocks (Age x Block
interaction, p <0.05; post hoc repeated measures ANOVA
non-significant), whereas young subjects tended to exhibit
improving performance over successive blocks (repeated
measures ANOVA, p <0.10). Post hoc analyses revealed aged
monkeys were significantly impaired compared to the young
monkeys on the 7th block of training (p <0.05).

When conditions of the task changed such that repeated
trials of the same stimulus/location were provided (allow-
ing correction of errors, as described above in Section 2),
aged subjects could learn the task and exhibited signifi-
cant improvements in performance over time (Age x Block
interaction, p < 0.05). Under these conditions, aged monkeys
eventually learned to choose the correct location in 90% of
trials, performing as well as young subjects (Fig. 1C). Thus,
task difficulty could be modified to allow learning in aged
subjects by allowing corrective trials.

If task difficulty was then further increased by presenting
two successive stimuli in the “Sample” and “Choice” phase

9 11 13 15 17 19
Blocks

Fig. 4. Motor performance. (A) Fine motor performance is assessed by measuring the time required for the subject to remove all raisins from a hole board,
using one hand to push the raisin and the other to retrieve it with a pincer motion. (B) Both young (N=4) and aged (N =7) subjects readily completed the task,
although young adult monkeys were significantly faster. Both aged and young subjects possessed sufficient levels of manual dexterity to participate in computer
touch screen testing, which imposed far simpler motor demands (simply touching the screen) than the raisin board task.
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while continuing to allow repeated trials (for error correc-
tion), young monkeys performed better than aged subjects
(Age x Block interaction, p <0.05; Fig. 1D). Nonetheless,
the performance of both young and aged monkeys signif-
icantly improved over time (post hoc repeated measures
ANOVA: young, p <0.001; aged, p <0.01). Overall, the per-
formance of aged monkeys improved from choice accuracy
of 15% in early trials to 33% in final trials (p <0.01), while
young monkeys improved from initial choice accuracy of
18% to final accuracy of 60% (p<0.001; Fig. 1D). Thus,
aged subjects were able to improve performance on the visu-
ospatial task when provided multiple trials, but their rate of
learning was slower than that of young monkeys.

Motivation did not account for differences in perfor-
mance on this task, as the percent of trials generating a
response from the subject did not differ as a function of
age: young 97.1 +3.5% versus aged 92.6 +7.3% (p-value
non-significant).

3.2. Spatial working memory

In the simplest version of this self-ordered spatial working
memory task (two boxes and a short 0.25 s delay, similar to
a delayed non-match to sample), young and aged monkeys
exhibited significant improvements in choice accuracy across
testing blocks (ANOVA: block main effect, p <0.02; Fig. 2C).
Although there was no significant difference in the rate
of learning between young and aged groups (Age x Block
interaction, ANOVA non-significant), the accuracy of aged
monkeys was significantly impaired compared to young sub-
jects (ANOVA: age main effect; p <0.05). Neither aged nor
young monkeys were able to learn the more spatially demand-
ing 3-box condition of this task over 15 trial blocks sampling
atotal of 80 test sessions (ANOVA, non-significant; Fig. 2D).

3.3. Shape discrimination and retention

In each testing session, monkeys are required to perform
four pairs of discriminations (three novel pairs, one repeated
pair) to a criterion of 90% accuracy (Fig. 3A and B). Dur-
ing the initial training sessions on this task, both young and
aged monkeys required nearly identical numbers of trials to
reach criterion performance in completing just the first dis-
crimination pair (~180 trials; Block 1 in Fig. 3C). Young
monkeys subsequently improved rapidly, requiring only 80
trials to reach criterion performance in learning the first dis-
crimination pair on the second training block, while aged
monkeys required from 150 to 200 trials over the first four
blocks of training. Thus, the rate of learning differed sig-
nificantly comparing young and aged subjects (Age x Block
interaction, p <0.01). While aged monkeys required signif-
icantly more trials than young monkeys to reach criterion
performance on both the 2nd and 3rd blocks of training, aged
monkeys nonetheless improved significantly over trial blocks
(ANOVA, age main effect, p <0.05). Comparing the number
of training sessions required to first complete all four pairs

of discriminations in a single test session (Fig. 3D), young
monkeys required an average of only 3.5 sessions, while aged
monkeys required 8.6 sessions to “pass” all four pairs (7-test,
p<0.05).

Next, we compared the performance of young and aged
subjects in shape discrimination test sessions wherein all
four pairs were successfully completed (i.e., criterion per-
formance of 90% correct responses was attained), with
particular focus on retention of previously learned shapes
after delays of either 1 h or 1 day. No significant differences
were observed when comparing performance after 1-h and
24-h delays across age groups as measured by trials to cri-
terion (1h: 31.94+5.8; 24h: 27.3+£2.4), thus the 1-h and
24-h delays were combined for subsequent analyses. Young
and aged monkeys exhibited similar performance in acqui-
sition of the 2nd novel pair of objects (blue columns in
Fig. 3E). Furthermore, both young adult and aged monkeys
exhibited significantly improved choice accuracy for previ-
ously learned stimuli after delays (p <0.05, paired #-test, red
columns in Fig. 3E). The magnitude of improvement in per-
formance on re-testing after the delay was similar for aged
and young subjects, with an approximate 50% improvement
in mean number of trials to criterion on the retention test
(p <0.05, paired #-test, Fig. 3E). Both young and aged groups
also showed comparable performance in the acquisition of the
3rd novel pair (Fig. 3F).

Thus, while aged subjects required more sessions to first
complete all four pairs of discriminations (Fig. 3D), their
performance thereafter was similar in both the acquisition
and retention of discriminations pairs. Once again, effort did
not differ between young and aged monkeys (mean number of
trials generating monkey responses: young: 98.5 2.2, aged
96.8 £ 1.3: t-test, p-value non-significant).

3.4. Motor learning task

This non-computerized task measured the ability of mon-
keys to use both hands to retrieve raisins from slots in a
board (Fig. 4A). Mean performance values for both young
and aged groups indicated that subjects were able to success-
fully retrieve raisins in the allotted time of 120s (Fig. 4B).
While young monkeys retrieved raisins faster (ANOVA: age
main effect; p <0.05), all subjects exhibited motor perfor-
mance reflective of capability to participate in CANTAB
touch screen use.

4. Discussion

The present study identifies age-related cognitive deficits
in rhesus monkeys, using in aged subjects a computerized
testing battery that is analogous in design and implementa-
tion to paradigms employed in human studies. Aged rhesus
monkeys exhibit specific impairments in both visuospa-
tial learning and spatial working memory, likely reflecting
impairment in functions associated with the frontal lobe
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(Pantelis et al., 1997; Robbins et al., 1998). Aged monkeys
also exhibit an initial impairment in learning a discrimina-
tion task (i.e., in learning the rules of the task), but thereafter
are not impaired in performing new discriminations or in
retaining discrimination pairs after a delay, suggesting gen-
eral integrity of systems related to temporal-hippocampal
function. Thus, aged monkeys exhibit a selective decline in
functions that are generally associated with frontal systems
with relative sparing of temporal-hippocampal systems, a
finding that parallels patterns observed in previous human
aging studies using similar computer-based, touch screen sys-
tems (Mutter et al., 2006; Rabbitt and Lowe, 2000; Robbins
etal., 1998, 1994).

Elderly humans exhibit impairments on both visuospa-
tial learning (Rabbitt and Lowe, 2000; Robbins et al., 1994)
and spatial working memory (Robbins et al., 1998) when
tested on a CANTAB system. The visuospatial learning task
used in the human version of CANTAB employs a greater
number of choice stimuli than the monkey version (Fig. 5),
but imposes similar spatial demands, temporal parameters
and task performance requirements. Both monkey (present
study) and human (Rabbitt and Lowe, 2000; Robbins et al.,
1994) experiments demonstrate age-related impairments on
the task that generally represent a reduction in performance
levels of 25-35% compared to young subjects. The version
of the CANTAB spatial working memory task employed in
humans (“Self-Ordered Spatial Sort”) is also more complex
than the primate version of the task, testing up to 12 stimuli
per trial compared to three stimuli in the primate version. Yet
the nature of the stimuli, temporal parameters and design
of the tasks used in the two species are similar (Fig. 5).
Once again, aged humans and monkeys exhibit similar decre-
ments of approximately 25-35% in performance compared
to younger adults (Robbins et al., 1998). Thus, under condi-
tions that are similar in design and performance criteria, but
different in complexity, aged humans and monkeys exhibit
age-related deficits on tasks assessing functional integrity of
frontal systems.

Temporal-hippocampal function is assessed on a spa-
tial discrimination and retention task. The human version
of the task (referred to as intradimensional/extradimensional
set shift) uses target pairs of stimuli, together with dis-
tracting pairs of stimuli that are to be ignored (Fig. 5). In
progressive stages of the task, humans are required to cor-
rectly choose reinforced objects through several “switches”
in stimulus reinforcement. The monkey version of the task
is simpler, requiring that subjects correctly perform discrim-
inations in the presence of distracters, with temporal delays
over intervals up to 24 h to assess retention. Aged humans
(Mutter et al., 2006) and monkeys (Rapp, 1990; Voytko,
1993) both exhibit impairment when initially learning the
rules of a discrimination task, a pattern that may reflect
impairment of working memory (frontal) systems. Once the
rules of the task are learned, however, neither aged humans
nor monkeys exhibit deficits when performing novel sim-
ple or compound discriminations (Mutter et al., 2006 and

Fig. 3), a component of the task that is likely primarily
sensitive to temporal-hippocampal substrates (Luciana and
Nelson, 1998; Moss et al., 1981). After long delays, we
find no deficit in retention of a previously learned associ-
ation, comparing young and aged monkeys. Thus, results
of human and monkey testing demonstrate general integrity
of temporal-hippocampal systems across aging, and impair-
ment of frontal memory systems.

The primate version of this computerized testing method
is less complex than human versions, reflecting the need to
assess the distinct cognitive capabilities of humans versus
monkeys. While it is possible that differences in the complex-
ity of human versus primate versions of the tasks may alter or
extend the specific neural substrates that are being recruited
to perform the tasks, it remains that case that many features
of the primate and human versions of the task are analogous.
That is, the tasks are designed similarly (using similar stim-
uli and task construction), require self-motivated touches of
a computer screen to register responses, and are unbiased
by examiner involvement. It seems reasonable therefore to
draw the conclusion that there are similarities in the nature
and extent of cognitive impairment when comparing humans
and rhesus monkeys. This similarity in pattern of cognitive
decline suggests that parallel cortical systems exhibit vulner-
ability to functional decline with aging in the two species, and
that cellular mechanisms underlying age-related decrements
in performance may be similar.

Patterns of age-related cognitive decline detected in this
study using home cage-based computer touch screen meth-
ods parallel previous observations in aged monkeys using
traditional and more time-consuming testing conditions with
a human operator (Herndon et al., 1997; Moss et al., 1997,
Rapp, 1990; Rapp and Amaral, 1989; Smith et al., 2004).
For example, aged monkeys exhibited decrements in work-
ing memory on a delayed response task as assessed in the
Wisconsin General Testing Apparatus (WGTA) (Bartus et
al., 1978; Smith et al., 2004), an apparatus in which test
objects cover food reward wells that are baited manually by
a human experimenter. Deficits were also reported in aged
monkeys when initially learning to perform pattern discrim-
inations (i.e., in learning the rules of the task under study),
but not when performing subsequent, novel discriminations,
in the WGTA (Rapp, 1990). These findings, employing tra-
ditional experimental methods, are consistent with results of
the current study. However, there may be some benefit in
drawing conclusions regarding similarities in patterns of cog-
nitive deficits in aged monkeys versus humans when using
the same testing devices and analogous paradigms in the test
species, as performed in this study. Bartus and colleagues
reported age-related decrements in monkeys on cognitive
batteries using innovative automated testing devices as long
ago as 1978 (Bartus et al., 1978); while these devices were
semi-automated, they did not have the advantage of being
home-cage based and simulating human testing conditions.
A set of automated tasks measuring visual discrimination and
spatial learning was reported in aged monkeys using a touch
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screen system, although home cage testing was not conducted
(Voytko, 1993). More recently, Buccafusco and colleagues
reported the use of an automated, home cage-based device to
assess performance on a delayed matching-to-sample task
in young and aged monkeys (Buccafusco et al., 2007a,b,
2002). Aged monkeys exhibited deteriorating performance
on this task relative to young subjects at longer delays, and
exhibited greater sensitivity to cholinergic blocking drugs
and distracting stimuli than young monkeys (Buccafusco et
al., 2002). The latter group’s detection of decremental per-
formance in aged subjects at longer delays is consistent with
our own findings across several additional tasks, indicating
that aged monkeys exhibit impaired performance relative to
young when task difficulty is progressively increased. In addi-
tion, automated testing has been developed that is analogous
to the Wisconsin Card Sorting task in humans, and reveals
age-related deficits in monkeys (Moore et al., 2003, 2006).
Individual monkeys in this study were not all necessarily
tested on the same tasks (see Table 1), potentially contributing
to variability in performance. However, despite this potential
source of variability, findings across tasks and groups were
quite consistent and revealed significant age-related impair-
ments comparing young and aged groups of subjects. The
ability to consistently demonstrate performance deficits on

individual features of each task, despite the potential variabil-
ity introduced by differences in training paradigms, suggests
the robustness of age-related decrements in performance and
the sensitivity of these methods for detecting them. The reli-
ability of the data are further suggested by the fact that aged
monkeys exhibited significant improvement in performance
on some components of each task, yet at a significantly
impaired level of proficiency compared to young monkeys
(including visuospatial learning, working memory and dis-
crimination learning). Thus, the impairment of aged monkeys
relative to young subjects was not a simple matter of testing
at “floor” levels of performance.

A potential confound in interpreting the present dataset
is the effect of gender on cognitive performance, as various
studies indicate age-related gender differences in non-human
primates on cognitive and motor tasks (Hao et al., 2007;
Lacreuse etal., 2005a,b, 1999; Rapp et al., 2003). The present
study was not prospectively designed or powered to assess the
effect of gender on performance, as only two aged females
were assessed on each cognitive task (Table 1), and planned
statistical analyses therefore did not control for gender as an
independent variable. Inspection of individual performance
of aged females on each cognitive task indicates that aged
females performed slightly better than their male counterparts

Visuospatial Learning (Paired Associates)

(B)  Spatial Working Memory

(C)  Discrimination Learning

-

Fig. 5. Human version of the CANTAB tasks. (A) In the human version of the visuospatial learning task (referred to as the “Paired Associates” task), the
subject learns to associate a specific cue (e.g., green box) with one location in the sample phase of the task, left panel. Up to eight different cues are provided in
different locations. After a brief delay, the subject is then shown the cue in the center of the screen, and must touch the box where the cue was originally located
(indicated by the red arrow that is not normally shown during testing). As in the monkey version of the task, human subjects are provided repeated corrective
trials. (B) The human spatial working memory task requires the subject to touch each box once without returning to the same object repeatedly, as in the primate
version. Once touched, a “blue token” is revealed and removed from the screen. (C) In the human CANTAB version of the discrimination task, referred to as
“attentional set shifting,” humans are required to discriminate two purple shapes while ignoring white lines, similar to conditions of the discrimination task used
in the current study. While the requirement to discriminate multiple stimuli is similar in the monkey and human version of the task, the monkey version differs
by incorporating a prolonged delay to evaluate retention of a previously learned discrimination. In contrast, the human version proceeds to test progressively
more difficult discriminations that shift between the purple shape and white line stimuli, without utilizing prolonged delays.
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(data not shown), thus overall group differences in perfor-
mance between young and aged groups in this study were
not likely attributable purely to gender effects. Nonetheless,
this study cannot address questions regarding the effect of
gender on age-related cognitive impairment, and adequately
powered and prospectively planned studies are required to
address this question, as reported by others (Hao et al., 2007;
Lacreuse et al., 2005a,b, 1999; Rapp et al., 2003).

In the motor realm, the present study identified an age-
related decline in speed of completion of a skilled bimanual
motor task. Previous evidence widely indicates a slowing of
motor speed with aging in both humans (Birren and Fisher,
1995; Scuteri et al., 2005) and non-human primates (Walton
etal., 2007; Zhang et al., 2000). The extent of reduction with
aging, ranging from 33% to 50%, is similar when comparing
monkeys and humans. Nonetheless, aged monkeys clearly
possessed sufficient simple motor capabilities to participate
in and respond to the cognitive tasks of this computerized
apparatus, reflected by similar levels of performance to young
monkeys on the discrimination task, and similar numbers of
object/screen touches on all tasks. The similar levels of screen
touches on all tasks also indicate that there are no significant
differences in effort to engage in the task when comparing
young and aged monkeys, suggesting that the aged monkeys
were motivated to work for the food reward in each case.

The use of a computerized test battery offers significant
advantages for exploring cognitive changes in non-human
primates. First, monkeys are tested in their home cage through
a video touch screen that allows data collection indepen-
dent of human interaction or potential experimenter bias,
and without disturbing or stressing the monkey through the
use of chair training or restraint. Second, a large number of
subjects can be tested simultaneously with the use of mul-
tiple computers, and a battery of tasks can be completed
within several months. Third, as summarized above, findings
using the computerized battery are consistent with previous
reports of cognitive testing in aged monkeys that used tra-
ditional, human-based experimentation (Rapp, 1990; Rapp
et al.,, 1997; Smith et al., 2004). Finally, the findings can
be extrapolated, with important caveats, to make predictions
regarding human patterns of cognitive response. That is, as
shown above, the performance of aged versus young subjects
exhibits similar patterns of decline across species with aging,
and a similar magnitude of decline as a function of age when
compared to young. This predictive pattern must of course
be considered with the caveat that task complexity is very
different in the monkey and human versions of the tasks:
monkeys generally perform simplified versions of each test.
Another important caveat is that humans are given instruc-
tions when performing initial trials on the tasks used in this
study, whereas monkeys learn the rules of the tasks by trial
and error. Thus, rates of initial learning cannot be compared.
Nonetheless, once monkeys acquire the rules of the tasks,
the design, stimuli and response requirements of the tasks
are similar or identical to human versions, and correlations
in performance are reasonable. Importantly, we find striking

similarities in patterns of age-related decline when compar-
ing monkeys and humans. The patterns of deficits in aged
monkeys reflect those observed in “normal aged” humans
rather than the more severe and diffuse patterns observed in
human dementing disorders, such as Alzheimer’s disease.
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