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Abstract

Deficits in cognitive functions that rely on the integrity of the frontal and temporal lobes are
characteristic of normative human aging. Due to similar aging phenotypes and homologous
cortical organization between nonhuman primates and humans, several species of macaque
monkeys are used as models to explore brain senescence. These macaque species are typically
regarded as equivalent models of cognitive aging, yet no direct comparisons have been made to
support this assumption. Here we used adult and aged rhesus and bonnet macaques (Macaca
mulattaand Macaca radiata) to characterize the effect of age on acquisition and retention of
information across delays in a battery of behavioral tasks that rely on prefrontal cortex and medial
temporal lobe networks. The cognitive functions that were tested include visuospatial short-term
memory, object recognition memory, and object-reward association memory. In general, bonnet
macaques at all ages outperformed rhesus macaques on tasks thought to rely primarily on the
prefrontal cortex, and were more resilient to age-related deficits in these behaviors. On the other
hand, both species were comparably impaired by age on tasks thought to preferentially engage the
medial temporal lobe. Together, these results suggest that rhesus and bonnet macaques are not
equivalent models of cognitive aging and highlight the value of cross-species comparisons. These
observations should enable improved design and interpretation of future experiments aimed at
understanding changes in cognition across the lifespan.
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1. INTRODUCTION

Frontal and temporal lobe-dependent cognitive functions, including spatial working memory,
associative memory, and other executive processes, decline across the human lifespan even
in the absence of neurodegenerative diseases [1-4]. Nonhuman primates, such as macaque
monkeys, offer several advantages over other animal models in studying healthy cognitive
aging. For example, humans and macaques share numerous homologous brain structures and
common cytoarchitecture in the prefrontal cortex and temporal lobes, differing mainly in the
sizes and laminar thicknesses of the regions [5-8]. Additionally, similar or identical
behavioral tests can be used to assess multiple mental operations in both humans and
macaques across their lifespans, allowing for relatively straightforward inter-species
comparisons [9,10]. Importantly, while senescent rhesus macaques do develop some of the
pathological markers associated with Alzheimer’s disease, the accumulation is minor, never
progressing to meet criteria for disease diagnosis, which makes them particularly suitable for
modeling the normal cognitive aging process [11,12]. Similar pathological studies have not
been carried out on bonnet macaques. Together, these characteristics make macaque models
useful for studying the molecular, cellular, and systems-level biological correlates of
normative age-related changes in executive function and memory [13].

A variety of macaque species have contributed to our knowledge of cognitive aging, with the
rhesus macaque (Macaca mulatta) being the most commonly used nonhuman primate model.
Several other macaque species have also been used to make significant contributions to
cognitive aging research, including the bonnet macaque (M. radiata[14,15]), crab-eating or
long-tailed macaque (M. fascicularis [16,17]), pig-tailed macaque (M. nemestrina[17,18]),
and Japanese macaque (M. fuscata, [19,20]). These different species of macaque have
generally been treated as comparable models of brain senescence in the nonhuman primate
literature, although no direct inter-species comparisons currently exist to support this
assumption [21]. This is due in great part to the relatively large sample sizes necessary to
draw meaningful conclusions. Such comparisons in rodents have revealed important
disparities between species and even between strains of the same species at multiple levels
of analysis [22-28]. In general, this has led the field to treat different rodents as distinct
animal models. Revealing inter-species similarities and differences in learning, memory, and
executive function across macaque lifespans will be a critical consideration in future
experiments designed to use these animals to investigate different aspects of human
cognitive aging.

The present experiment compares the performance of adult and aged bonnet and rhesus
macaques on a behavioral test battery that includes tasks that have been used extensively to
characterize cognitive aging in monkeys and humans [29-42]. Specifically, macaques each
performed a delayed response task, a delayed nonmatching-to-sample task, and an object
discrimination task. These tasks access visuospatial working memory, nonspatial object
recognition memory, and object-reward association memory, respectively, across different
delay periods. Importantly, the acquisition and performance of the tasks across delays
depend on different regions of the frontal and parietal cortices, as well as the medial
temporal lobe [10], allowing some inferences to be made with respect to the neural origin of
species and age differences in behavioral outcome.
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2. MATERIALS AND METHODS
2.1. Subjects

Thirty-five rhesus macaques of Indian origin were studied in these experiments (Table 1).
Monkeys were separated into two age groups based on their ages at the completion of
behavioral testing using 20 years of age as the cutoff. The adult group included 15 rhesus
monkeys (mean 10.4 years, range 7.2-14.1 years, 3 female, 12 male), and the aged group
included 20 rhesus monkeys (mean 24.5 years, range 20.6—-29.5 years, 8 female, 12 male). A
factor of three can be used to estimate the equivalent human age. Thus the adult group
ranged in approximate human ages from 22 to 42 years old, and the aged group ranged from
62 to 89 approximate human years [43]. All rhesus macaques were born, reared by mothers,
and tested at the California National Primate Research Center at the University of California,
at Davis (Davis, CA). Subjects were opposite-sex pair-housed, and pregnancies were
prevented by performing vasectomies on males.

In addition, 13 female bonnet macaques (Macaca radiata) were tested in this study, and were
also separated into two groups with the same 20-year old age cutoff (Table 1). This resulted
in two groups consisting of six adult (mean 11.4 years, range 11.0-12.2 years) and 7 aged
(mean 25.3 years, range 21.3—-30.9 years) bonnet macaques. Thus, the adult bonnet macaque
group ranged in age from approximately 33 to 36 human years, and the aged bonnet
macaques ranged from roughly 76 to 93 human equivalent years [43]. The bonnet macaques
were born and reared by mothers in a naturalistic environment at the State University of New
York (SUNY), Downstate, prior to being relocated to the University of Arizona (Tucson,
AZ), where they were pair-housed and tested.

Macaques at both the Davis, CA and Tucson, AZ facilities were housed in temperature- and
humidity-controlled environments on a 12-hour light/dark cycle. All animals in this study
were in good health as documented by semiannual health exams by each facility’s on-site
veterinary staff. Eye exams were included in regular health testing to ensure that no vision
issues interfered with task performance. Diets consisted of monkey chow and fresh food
supplements, with ad /ibitum access to water. Both colonies had comparable enrichment in
the form of toys, treats, and videos, for example. Macaques underwent behavioral shaping to
learn to be transported between vivaria and testing rooms in specialized transportation
boxes. All animals were behaviorally naive prior to these experiments. With few exceptions,
each animal completed all three behavioral tasks (Table 1). The tasks were administered
sequentially in the following order: delayed response (DR), delayed nonmatching-to-sample
(DNMS), and then object discrimination (OD). Importantly, both colonies were overseen by
the same PI and the behavioral protocols were identical for both colonies. Procedures were
conducted in accordance with National Institutes of Health guidelines and the protocols
were approved by the Institutional Animal Care and Use Committees at the California
National Primate Research Center at UC Davis and the University of Arizona.

2.2. Behavioral experiments

2.2.1. Testing apparatus—A modified Wisconsin General Testing Apparatus (WGTA;
[44]) was used for behavioral testing. Briefly, the WGTA consisted of an animal
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compartment, one side of which was made of spaced vertical bars that separated the
macaque from a tray with three equally-spaced wells. Stimuli and rewards in these wells
could be reached by the animals through the bars. Two vertical separators could be lowered
across the bars to block access to the wells: a clear acrylic glass door blocked physical
interaction with stimuli, while a wooden guillotine door blocked both visualization of and
interaction with the stimuli. Finally, a one-way mirror allowed the experimenter to monitor
each animal’s behavior without detection.

2.2.2. Delayed response—The delayed response task (DR, Figure 1A) is a standard test
of visuospatial working memory [30]. In short, one of the two lateral wells in the WGTA
was baited with a solid food reward. The macaque observed the baiting through the acrylic
glass door. Bait location was pseudorandomized between trials so that the left and right
wells were correct for an equal number of trials. Both lateral wells were then covered with
identical opaque plaques so that the animal had to remember the bait location, and then the
wooden door was lowered to impose a delay period. After the delay, both doors were raised
and the macaque could displace only one plaque from a well. If the macaque chose the
correct well, they uncovered the reward. The incorrect well was not baited. A one second
delay was used during training. Learning criterion was = 90% correct across 90 consecutive
trials (3 days of 30 trials/day). Once criterion had been reached in the training phase, the full
task began with sequentially increasing delays of 5, 10, 15, 30, and 60 seconds. Three days
of testing with 30 trials/day and 20 second inter-trial intervals were conducted at each delay,
and then the delay was extended regardless of performance levels.

2.2.3. Delayed nonmatching-to-sample—The delayed nonmatching-to-sample task
(DNMS, Figure 1B) is used to assess nonspatial recognition memory [45]. In brief, a sample
object was presented over the baited center well in the WGTA. The macaque displaced the
sample object and retrieved the food reward, making certain that the sample object was
observed. Following a delay period imposed by lowering the opaque door, the sample object
and a novel object were presented over the two lateral wells. Only the well beneath the novel
object was baited, and displacing the novel object was always the correct response. The
location of the novel object was pseudorandomized to balance the number of correct left-
and right-well choices. Object stimuli were plastic toys of similar size (~8 cm3). Objects
were unique across trials so that no object repeated or introduced bias. Training trials had a
10 second delay. Learning criterion was = 90% correct across 100 consecutive trials (5 days
of 20 trials/day). After reaching criterion, 5 days of testing were completed at sequentially
increasing delays. Twenty trials were completed per day at each delay of 15, 30, 60, and 120
seconds. Five trials were completed per day of testing at a 600 second delay, as is standard in
the macaque-DNMS literature. A 30 second interval was imposed between trials. Animals
progressed sequentially through increasing delays regardless of performance levels.

2.2.4. Object discrimination—The object discrimination task (OD, Figure 1C) is a test
of object-reward association memory [39,42]. During training, macaques were presented
with a pair of distinct objects over the lateral wells of the WGTA. Object stimuli were
visually distinct; they did not share overlapping features. One of the two objects was
consistently baited, although the locations of the correct and incorrect objects were
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pseudorandomized so that the rewarded object was on the left and right for an equal number
of trials. For each object pair, the animal was allowed two 30 trial training sessions,
administered on back-to-back days. The monkeys were given a 48 hour rest period before
the probe session, which was also 30 trials long. This protocol was repeated sequentially for
4 distinct object pairs. Inter-trial intervals for all OD sessions were 15 seconds. Estimated
learning trials were extracted using the state-space model described in Smith et al., 2004
[46]. Briefly, this analysis outputs the estimated trial at which each monkey learned each
object pair above chance level. Each of the 4 object pairs were analyzed independently and
then averaged to yield a single value per animal. For consistency we refer to this value as the
OD trials to criterion measure, but note that it is not derived the same way as the DR and
DNMS tasks since no predefined performance threshold was imposed on the animals.

2.3. Data analysis

2.3.1. Task acquisition (trials to criterion)—The measurement of task acquisition for
each subject and for all three tasks was the number of trials to reach criterion. To assess
effects of age and species in these data, we fitted a separate linear mixed model for each task
with terms for age, species, and age-species interaction. The trials to criterion for subject /;
T7C; is

TTC~py + BAge; + P, Species; + p3Age; X Species;. (1)

Agejand Species;were indicators for age (adult = -1, aged = +1) and species (rhesus = -1,
bonnet = +1), respectively. Calculations were performed using linear mixed models in
MATLAB (The Mathworks, Natick, MA). Posthoc tests were performed by computing the
p-value of an F-test for a contrast matrix H, under the null hypothesis H*beta = 0, where
beta is the fixed-effects vector. The same linear mixed models were employed to assess
errors to criterion for the DR and DNMS tasks for most monkeys, with the exception of 6
aged rhesus macaques (Appendix A).

The potential for response bias to one side was quantified using an open source signal
detection theory calculator (ComputerPsych LLC), which can be used to measure response
bias in yes-no discrimination experiments [47]. A response table of left and right responses
versus left- and right-correct conditions was employed. The model output two probability
density functions that reflected the likelihood of observing two different outcomes; a
correct-left response or a correct-right response. Additionally, a response bias measure was
extrapolated from the model that reflects the distance in standard deviations from the center
of the two distributions to the crossover point of the two distributions. This measure was
extracted for all learning sessions from all animals, then averaged by animal. Threshold
values of +/-0.5 standard deviations [47] were used to determine whether monkeys showed
significant response biases.

2.3.2. Task performance across delays (percent correct)—For the DR and DNMS
tasks, task performance was measured with the percentage of correct trials for each subject
at 5 delays. The model for percentage correct in subject 7at delay &, PC; 4, was
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PC; ~Py+ P Age; + pSpecies; + p3Delay, + f,Age; X Species; + PsAge; X Delay, (2)
+ BeSpecies; X Delay; + f;Age; X Species; X Delay; + (1 | Subject;)

Posthoc tests were performed for DR and DNMS tasks across delays as described in section
2.3.1. For the DR and DNMS tasks, we also tested whether the percent correct performance
of each species and age group differed from 50% chance performance at the longest delays
(60 and 600 seconds, respectively) by performing t-tests that computed the probability that
the values were different from a normal distribution with mean = 0.5 and unknown variance.

For the OD task, percent correct on the probe day was measured 4 times for each subject
(once per object pair, with two exceptions where there was missing data for one object pair).
The model for percent correct, PC; 4, for subject /and measure k=1, 2, 3, 4, was

PC; ~Py+ P Age; + pySpecies; + p3Age; X Species; + (1 | Subject;) (3)

where Age;and Species;were as defined above. As for the DR and DNMS tasks, the final
term was a random effect that allowed each subject to have a unique intercept term and
accounted for the repeated measures. For all results, confidence intervals (CIs) are the lower
and upper 95% bounds.

3. RESULTS

3.1. Delayed response

3.1.1. Task acquisition—Adult and aged bonnet and rhesus macaques were trained on
the delayed response (DR) test of visuospatial working memory to a criterion of 90% correct
over 3 consecutive days of 30 trials per day. No left- or right-side response bias was
observed in any monkey’s behavior on this task (bias measures all < 0.5; see methods). The
number of trials to reach criterion did not differ significantly between age groups or species,
and there was no age-by-species interaction (Figure 2A, Table 2; LMM, all p values >
0.180). Qualitatively equivalent results were found when errors to criterion were assessed
instead of trials to criterion. No significant age or species effects or interactions were
observed (Appendix A, Figure Al; LMM, all p values > 0.158).

3.1.2. Task performance across delays—After reaching criterion, adult and aged
bonnet and rhesus macaques performed the DR task at sequentially increasing delays from 5
seconds to 1 minute. Because all macaques had reached criterion, any differences in
performance across delays can be attributed to the effect of the memory load on each species
and age group. As expected, there was a significant effect of delay on the percent of correct
trials out of 90 trials at each delay (Figure 2B, Tables 2-3; LMM, B3 = -0.360, Cls
=[-0.415, —0.306], t(222) = —13.03, p < 1e76). All species and age groups retained
performance significantly greater than 50% chance at the longest delay (Bonferroni
corrected a/4 = 0.0125; all p values < 0.0087). Although there was no significant age effect
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(Figure 2B; LMM, g1 = -1.28, Cls = [-4.30, 1.75], t(222) = -0.831, p = 0.407) or species
effect (Figure 2B; LMM, B, = —-1.45, Cls =[-4.48, 1.58], t(222)= —-0.944, p = 0.346), there
was a significant species-by-delay interaction (Figure 2B, Tables 2-3; LMM, S = 0.121,
Cls = [0.0668, 0.176], t(222)= 4.38, p = 0.0000182) indicating that performance was
impaired by increasing delays for both species, but rhesus macaques were especially
impaired at longer delays compared to bonnets.

Non-significant parameter estimates were Sy = 83.75, B4 = -0.713, 55 = —0.0119 and 5; =
0.0243. Substitution in Equation 2 indicates that the slope of rhesus and bonnet macaque
groups are given by (83 — ) = —0.48 and (B3 + Bg) = —0.24, corresponding to a drop of
0.48 and 0.24 percentage points per second of delay, respectively. Posthoc comparisons
indicate that the groups are significantly different at a delay of 60 seconds (F(222) = 11.6, p
= 0.000766), approach significance at delay of 30 seconds (F(222) = 2.45, p = 0.119) and are
not significant at delays of 5, 10 and 15 seconds.

3.2. Delayed nonmatching-to-sample

3.2.1. Task acquisition—On the delayed nonmatching-to-sample (DNMS) task, the
number of trials to reach criterion of 90% correct over 5 days of 20 trials per day differed
between age, with older macaques requiring more trials to reach criterion (Figure 3A, Tables
2-3; LMM, S, = 544, Cls = [441, 646], t(42) = 10.68, p < 1e76; B, = 266, Cls = [164, 369],
t(42) = 5.23, p = 0.00001). Although rhesus macaques had a higher average number of trials
to reach criterion than did bonnet macaques, the effect of species only approached
significance (Figure 3A; LMM, B, = -101.3, Cls = [-204.0, 1.47], t(42) =-1.99, p =
0.0532). Moreover, there was a significant interaction between age and species (Figure 3A,
Tables 2-3; LMM, B3 = =137, Cls = [-240, —34.5], t(42)= -2.70, p = 0.0100). No left- or
right-side response biases were observed in any monkey’s behavior on this task (bias
measures all < 0.5; see methods).

Posthoc tests indicate a significant difference between aged rhesus and aged bonnet
macaques on trials to criterion (F(42) = 12.2, p = 0.0012), but not between adult rhesus and
adult bonnet macaques (F(42)= 0.227, p = 0.636). These results indicate that the species
effect was driven by the aged rhesus macaques that took a markedly higher number of trials
to learn the DNMS task.

An assessment of errors to criterion shows similar effects (Appendix A, Figure A2).
Importantly, the age-by-species interaction was replicated (Figure A2; LMM, £z = -40.08,
Cls = [-67.3, —12.9], t(36) = —2.99, p = 0.005), as was the age effect (Figure A2; LMM, S,
=71.02, Cls = [43.8, -98.2], t(36) = -5.30, p = 0.009¢5). However, there was a significant
effect of species for errors to criterion that was not observed in the trials to criterion data
(Figure A2; LMM, B, = -32.99, Cls = [-60.2, -5.8], t(36) = -2.46, p = 0.0188).

3.2.2. Task performance across delays—The DNMS task was completed at
increasing delays from 5 seconds to 10 minutes. As expected, the percent correct trials
measure was affected significantly by the delay length (Figure 3B, Tables 2-3; LMM, S5 =
-0.0327, Cls = [-0.0382, —0.0272], t(227) = -11.8, p < 0.00001), with monkeys performing
fewer correct trials at longer delays. At the longest delay (10 minutes) adult and aged bonnet
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macaque performance dropped to chance level (Bonferroni corrected a/4 = 0.0125; adult
and aged bonnet macaques’ p values > 0.09), while the rhesus monkey’s performance
approached, but never reached, chance performance (Bonferroni corrected a/4 = 0.0125;
rhesus’ p values < 1e~7). There was no significant age effect (Figure 3B; LMM, g, = —0.427,
Cls =[-2.12, 1.27], 1(227) = —0.495, p = 0.621) or species effect on the percent correct
DNMS trials (Figure 3B, Table 3; LMM, B, = -0.0563, Cls = [-1.754, 1.64], t(227) =
-0.0654, df =227, p = 0.948,). Importantly, there was an age-by-delay interaction (Figure
3B, Tables 2-3; LMM, g5 = -0.00807, Cls = [-0.0135, -0.00261], t(227) = -2.91,p =
0.00393) suggesting that at longer delays, aged animals were especially impaired on the
DNMS task, regardless of species.

Non-significant parameter estimates were 5y = 87.54, B4 = 1.20, Fg = —0.00363, and 57 =
-0.00191. Posthoc tests for age differences at each delay indicate that age differences are not
large. Specifically, only at delay of 600 seconds does the between-age-group difference
approach significance (F(227) = 3.881, p = 0.050).

3.3. Object discrimination

3.3.1. Task acquisition—Both age and species had a significant effect on the estimated
number of trials it took to perform above chance on the object discrimination task (OD,
Figure 4A, Tables 2-3; LMM; S = 8.885, Cls = [7.76, 10.0], t(33) = 16.1, p = 16.073; Age:
p1=1.69, Cls = [0.568, 2.82], t(33) = 3.06, p = 0.0043; Species: B, = —2.17, Cls = [-3.30,
-1.05], t(33) = —3.93, p = 0.00041). There was no age-by-species interaction (Figure 4A;
LMM, B3 =-0.979, Cls = [-2.10, 0.146], t(33) = -1.77, p = 0.086).

Parameter values indicate that being in the older age group significantly increased the
number of trials to reach criterion (effect size ~ 3.38 trials) and that bonnet macaques took
fewer trials than did rhesus macaques to reach criterion (effect size ~ —4.34 trials). No left-
or right-side response bias was observed in any monkey’s behavior on this task (bias
measure < 0.5; see methods), with the exception of one adult rhesus macaque for whom no
corrections were made (right bias measure = 0.56).

3.3.2. Task performance after 48 hours—Two days after training on the OD task, the
number of correct responses out of 30 trials was measured for each of the object pairs. There
was a significant effect of age (Figure 4B, Tables 2-3; LMM: 5, = 89.63, Cls = [88.7, 90.6],
t(142) = 188, p < 1e%; B, = -2.60, Cls = [-3.53, —1.66], t(142) = -5.46, p < 1e~'), but not
of species (Figure 4B; LMM, B, = 0.506, Cls = [-0.434, 1.45], t(142) = 1.06, p = 0.289), on
the percent correct responses on the OD task. Furthermore, there was no age-by-species
interaction (Figure 4B; LMM, B3 = 0.546, Cls = [-0.394, 1.49], t(142) = 1.15, p = 0.253).
The model fit to age indicates that the older animals averaged about 5.2 percentage points
below the younger animals.

3.4 Role of sex in learning and performance across delays

While all the bonnet macaques used in the present experiment were female, the rhesus
macaque groups were composed of both males and females. Due to the small number (3) of
adult female rhesus monkeys in all tasks and small number (4) of aged female rhesus in the
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object discrimination task, we were unable to construct detailed statistical models that
included sex as a covariate, as the analyses described in section 2.3 would have had very low
power. We opted to include both sexes in order to maintain a large sample size. To address
the concern of sex as a potential confound to species, Appendix B contains plots of trials to
criterion and percent correct data for both male and female rhesus macaques on all tasks, in
addition to tables of descriptive statistics, separated by sex (Appendix B, Figures B1-B3 &
Tables B1-B2). In brief, visual inspection of the plots and summary statistics suggests that
although there are a few situations in which male and female rhesus macaques’ data differ,
rhesus monkeys of both sexes generally learned and performed across delays similarly.

4. DISCUSSION

The aim of the present study was to compare the cognitive aging processes of two macaque
species, Macaca mulattaand Macaca radiata, using a battery of tasks that rely on frontal and
temporal lobe functions. The novel findings are that, irrespective of age, there are task-
dependent differences between rhesus and bonnet macaques’ cognitive performance, and
that age-related impairment patterns across tasks differ between species. These results
emphasize the importance of understanding the nuanced differences within and between
model species in order to best advance our knowledge of cognitive aging.

4.1. Inter-species differences in cognitive performance

Bonnet macaques either outperformed or performed equivalently to rhesus macaques on all
tasks in the present experiment. For example, bonnet macaques showed superior
performance on the delayed response task (DR) at the longest delays. Whether this
discrepancy between species’ short-term spatial memory is due to differences in the neural
systems responsible for these behaviors or to engagement of alternate cognitive strategies
remains to be determined. Additionally, in the delayed honmatching-to-sample task
(DNMS), an age-by-species interaction showed that adult macaques required fewer trials
than did aged macaques to reach the learning criterion, and that this was driven by the
impaired aged rhesus macaques in particular. Similarly, bonnet macaques acquired the object
discrimination task (OD) in fewer trials than did rhesus macaques. These findings are
consistent with the view that the neural systems or behavioral strategies that support the
acquisition of object-based rules and associations are more efficient in bonnet macaques. In
contrast, performance on both the DNMS and OD tasks did not differ between species once
criterion had been met. Thus, after task acquisition, the two species may either resort to the
use of similar neural systems or strategies, or may achieve comparable behavioral outcomes
in different ways. For example, some animals may rely on an active rehearsal strategy, while
others may employ a more passive recognition strategy in the DNMS task. Previously, active
cognitive control and passive memory processes have been dissociated in rhesus macaques
during a delayed matching-to-sample task with varied levels of distraction during the
retention phase [48]. The active approach could require more cognitive control from frontal
cortical engagement since these regions are critical for modulating attention and working
memory functions [49]. Additionally, the use of alternate strategies to achieve cognitive
behavioral goals have been demonstrated between adult and aged rats during spatial memory
tasks in which older rats relied less on place information than did younger rats [50].
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4.2. Age-related differences in cognitive performance

Aging selectively impacted task acquisition and performance across delays in a task- and
species-dependent manner. Older rhesus macaques required substantially more trials to
acquire the DNMS task than did younger rhesus macaques, while bonnet macaques showed
a relatively modest age-related impairment in learning the nonmatching rule compared to
their younger counterparts.

In other components of the behavioral battery, however, both bonnet and rhesus macaques
showed similar age-related impairments. On the DNMS task, for example, aged monkeys of
both species performed more poorly across delays, while adult monkeys maintained
consistently higher levels of performance. Similarly, bonnet and rhesus macaques were
comparably impaired by age on both the acquisition and performance of the OD task.

Together, the DNMS and OD results show that, although bonnet macaques were faster to
acquire the tasks, aged macaques of both species were equally susceptible to delay-induced
impairments in object recognition and associative memory. These findings on the effects of
age and increasing delays on behavioral outcomes are consistent with previous studies
conducted in rhesus and cynomolgus monkeys [31,34,36,38,42,51, no DNMS performance
age effect 30]. In the current study, no age-related impairments were observed in spatial
memory in the DR task. The lack of an age effect on short-term visuospatial memory in the
present experiment also finds support in previous literature [36]. However, a number of
studies do suggest age impairments in rhesus macaques under certain experimental
conditions [16,29-31]. Possible contributing factors to the different results include the order
of the tasks and naiveté of animals prior to testing [31], smaller sample sizes that may have
included particularly high- or low-performing individuals [36], animals that were feral born
or born into captivity [30], and different age ranges (i.e., in [31] the aged group (21-25
years) performed significantly worse across increasing delays than did the youngest group
(3-7 years), but not the adult group (10-19 years), while in the present study the adult and
aged rhesus groups’ age ranges were 7-14 and 20-29 years, respectively). Furthermore, the
use of different macaque species [16], different training regimes [31], and the unique
cognitive demands of non-WGTA delayed spatial memory tasks [16,29], may have
differentially impacted the performance of adult and aged macaques on these tasks, and thus
contributed to inconsistencies in the literature.

4.3. Potential neural bases for species and age differences

Lesion studies in adult animals have shown that the behaviors tested in the present
experiment rely on the proper function of specific frontal and temporal lobe structures. This
enables us to make inferences about potential sources of species- and age-related differences
observed across tasks in the present experiment. In regard to the DR task, performance is
severely impaired in cynomolgus monkeys after lesions of the dorsolateral prefrontal cortex
(dIPFC), whereas it is more preserved when the ventromedial prefrontal cortex (vmPFC) is
lesioned [52]. dIPFC is also particularly important for performance across delays in a spatial
delayed alternation task, but not for a spatial task without delays [53]. Furthermore, within
dIPFC, spatially-tuned neurons show persistent cellular activity during the delay period of a
spatial working memory task [54]. This elevated activity during delays has been proposed to
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be a single-cell correlate of spatial working memory [55]. There are a number of possible
explanations for the observation that the bonnet macaques had superior performance
compared to rhesus macaques at longer delays on the DR task. Among them is a speculation
that bonnet macaques may have more effective recurrent collateral activity that enables more
reliable recall of visuospatial memory traces as delay lengths increase. This could be
mediated, for example, by inter-species differences in components of the molecular cascades
that instantiate rapid strengthening and weakening of PFC synapses (i.e., different HCN
channel distributions, cCAMP signaling, ACh levels; [56]).

With regard to the acquisition of the DNMS task, rhesus macaques with dIPFC lesions show
postoperative impairments [57]. If the DNMS task is learned before dIPFC removal,
however, macaques have a relatively minor postoperative impairment in reaching learning
criterion [52]. The extent of PFC lesions are inconsistent across these studies, which may
also contribute to their different results. In contrast to macaques with dIPFC lesions, those
with vmPFC lesions fail to achieve criterion, even after 2000 learning trials, despite
preoperative training [52]. Although it is unknown how vmPFC lesions impact DNMS task
acquisition in the absence of preoperative training, these studies suggest that both PFC
subdivisions are normally engaged in learning the DNMS task. In this study, aging
compromised DNMS task acquisition more severely in rhesus than in bonnet macaques.
This finding could be explained by inter-species differences in the aging of vmPFC and/or
dIPFC. For example, in aged rhesus monkeys, both subdivisions have reduced a-1 and a-2
receptor binding densities and decreased grey matter volumes, compared to young adults
[58,59]. These observations are correlated with slower acquisition of the DNMS task
[58,59]. There is a more extensive literature on dIPFC aging than on vmPFC aging;
demonstrations of age-related dIPFC changes include thin spine loss, smaller thin spine head
volumes, decreased synapse density, reduced microcolumn strength, and thinning of layer |
— all of which are associated with behavioral impairments in rhesus monkeys [10,36,60,61].
It remains to be determined whether any of the age-related changes observed in rhesus
macaques are less pronounced in bonnet macaques, or whether aged bonnet macaques better
engage compensatory neural resources to more efficiently learn the nonmatching object
recognition rule.

The medial temporal lobes (MTL) also play a role in the successful execution of the
cognitive tests included in this study. Thus, changes in MTL function may have mediated
some of the diversity that was observed in behavioral outcomes. When the hippocampus is
lesioned with ibotenic acid, or when the perirhinal cortex is removed, DNMS performance is
impaired at delays of = 1 minute [62,63]. Cynomolgus monkeys with combined lesions of
the hippocampus and amygdala perform more poorly than do controls on the DNMS task,
and are more sensitive to longer delays, even after achieving the same learning criterion
[64]. In rhesus macaques, data that were originally thought to support the idea that combined
hippocampus and amygdala lesions impaired DNMS performance have now been
demonstrated to reflect the severe visual recognition memory deficits induced by perirhinal
cortex lesions alone [65,66]. Hippocampal lesions also slow DNMS task acquisition, but not
as severely as do PFC lesions [52,57,62]. These findings are consistent with the idea that
successful learning of the DNMS task may rely more heavily on PFC function, while
delayed object recognition memory over longer intervals preferentially engages the MTL.
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With regard to object-reward association memory, cynomolgus monkeys that have
previously acquired the OD task and undergo hippocampus-amygdala lesions do not retain
object-reward associations after a 48-hour interval as well as do controls [64]. Furthermore,
the proper function of area TE is important for visual object discrimination, on which both
the DNMS and OD tasks rely [67,68]. Perirhinal cortex ablation also disrupts visual object
learning, thereby impairing object discrimination [69]. The OD task itself tests not just the
ability to remember objects but also associations with rewards, implicating the basal ganglia
[70]. Activity in subdivisions of the striatum has been observed to synchronize with activity
in the PFC during a rewarded visual category learning task in macaques, and coherent
reactivation events in the hippocampus and ventral striatum are thought to contribute to
place-reward associations in rats [71,72]. Dorsal striatal neurons in particular have been
shown to discriminate rewarded from unrewarded visual conditioned stimuli [73]. Thus, it is
possible that species- and age-related alterations in the striatum and its interactions with
frontal and temporal cortex further contribute to differences in learning and remembering
visual stimulus-reward associations.

Together, these studies illustrate the range of MTL and other brain processes involved in
object recognition and the formation and memory of object-reward associations. A variety of
age-related alterations of the MTL may account for the similar cognitive impairments
observed in aged macaques on the DNMS and OD tasks, but not the DR task in the present
study. These possibilities include, for example, decreased cerebral blood volume in the
dentate gyrus [74], hyperexcitability of CA3 principal cells [75], and a decreased density of
somatostatin-expressing inhibitory interneurons in stratum oriens of CA1 and CA3 [75], all
of which are observed in behaviorally-impaired aged rhesus macaques [74,75].

4.4. Limitations of the study

This set of experiments benefits from an unusually large sample size of macaques under the
same protocols for multiple cognitive tests. Data on both learning and performance of these
behavioral tasks across delays in two species of two comparable age ranges also strengthens
the results. Despite these advantages, conclusions about species differences in cognition and
aging should be considered in light of the imbalanced overall group sample sizes and sex
distributions between species. Sex has been shown to influence spatial memory in a training-
dependent fashion and interact with age in rhesus macaques [76]. Although sex did not
appear to systematically alter the learning and performance of rhesus macaques in the
present experiments (Appendix B), larger sample sizes will be necessary to address the role
it may play in species- and task-specific cognitive aging. Furthermore, the macaques of the
two species included in the current study had unique upbringings and lived in different
locations; the rhesus macaques were born, reared, and then cross-sex pair housed in one
colony, while the bonnet macaques were born and reared at another location, then moved to
a new colony where they were single-sex pair housed. Differences in enrichment procedures
between the two facilities could have had differential effects on each groups’ learning and
memory capacities.
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4.5. Conclusions

Taken together, the results of the present study suggest that, in general, bonnet macaques
execute tasks that are classically considered to be PFC-dependent more effectively than do
rhesus macaques at all ages, and appear to be more resilient to the effects of age on the PFC-
dependent functions probed in this battery. Both species, however, are comparably
vulnerable to the effects of age on tasks traditionally thought to rely on MTL-dependent
functions. Importantly, although the functions of the frontal and temporal lobes can be
dissociated to some extent, bidirectional communication between these structures supports
the organization, consolidation, and retrieval of memories [77-80]. For instance, crossed
unilateral ablations of frontal cortex and perirhinal cortex in macaques disrupts intra-
hemispheric interactions between these structures and produces marked deficits in
recognition memory, even though this cognitive capacity is thought to depend mainly on
MTL processes [81,82]. This suggests that multiple regional networks can participate in
executing tasks like those in the current study. Thus, different behavioral strategies that
macaques may have used to carry out a given task could have engaged these frontal and
temporal networks to different degrees, and may in part explain some of the differences
observed in behavioral outcomes. With respect to the less pronounced age effects in bonnet
macaques, for example, it is possible that they more effectively invoked compensatory
neural resources on PFC-dependent tasks. This idea gains support from observations in
humans that under some task conditions, high-performing older individuals recruit
additional networks to enhance levels of performance, while their lower-performing
counterparts do not [83-86]. More specifically, a posterior-to-anterior shift of activity and
increased bilateral engagement during cognitive tests in fMRI experiments are thought to
serve compensatory roles [83-86]. It must be noted, however, that bonnet macaques are not
exempt from age-related declines in all PFC functions, as exemplified by work showing that
aged bonnet macaques are more susceptible than are young adults to interference during a
recognition memory test [87].

Because bonnet and rhesus macaques show distinct cognitive aging patterns across tasks,
one or the other species may be better suited as an experimental model, depending on the
aspect of cognition that is under investigation. As additional cross-species comparisons are
conducted, an increasingly holistic view of the strengths and weaknesses of each model with
respect to specific cognitive functions will emerge. More precise characterizations will
provide a better context for interpreting existing and novel data, and for guiding future
experimental designs. This will help to best advance our understanding of, and ability to
ameliorate, cognitive and brain health across the lifespan for an increasingly aged human
population [88,89].
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HIGHLIGHTS
. Cognitive performance across age is species- and task-dependent
. Species effects are only observed in prefrontal cortex-dependent tasks
. Both species are similarly impaired by age on medial temporal lobe-
dependent tasks
. Aged bonnet macaques are less impaired on prefrontal cortex-reliant tasks
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Table 1

Total number of macaques of each species and age group that participated in delayed response (DR), delayed
nonmatching-to-sample (DNMS), and object discrimination (OD) tasks. Numbers of females are included in
parentheses.
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1duosnuen Joyiny

Species | Age group | DR DNMS | OD

Bonnet | Adult 6 (6) 6 (6) 6 (6)
Aged "N |70 7(7)

Rhesus | Adult 15@3) | 15(3) 14 (3)
Aged 196) | 2007 | 124
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Summary of significant age, species, and delay effects and interactions for initial acquisition and performance
across delays of each behavioral task.

DR

Spatial short-term memory

DNMS

Object recognition memory

oD

Object-reward association memory

Acquisition

Trials to reach criterion

- No significant effects

Age*species
- Age

Aged macaques were slower
than adults, and aged rhesus
macaques were especially
impaired

- Species
- Age

Rhesus macaques were slower than
bonnet macaques and aged macaques
were slower than adult macaques

Performance across delays

Percent correct

- Species*delay
- Delay

Rhesus macaques scored worse
than did bonnet macaques,
especially at longer delays

- Age*delay
- Delay

Aged macaques scored worse
than did adults, especially at
longer delays

- Age

Aged macaques scored worse than did
adults
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