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Abstract

Longitudinal studies are essential to understand healthy and pathological neurocognitive aging
such as Alzheimer’s Disease, but longitudinal designs are rare in both humans and non-human
primate models of aging because of the difficulty of tracking cognitive change in long-lived
primates. Common marmosets (Callithrix jacchus) are uniquely suited for aging studies due

to their naturally short lifespan (10-12 years), sophisticated cognitive and social abilities and
Alzheimer Disease-like neuropathology. We report the first longitudinal study of cognitive aging
in marmosets (N=28) as they transitioned from middle- (~ 5 years) to old age (~ 9 years). We
characterized aging trajectories using reversal learning with different stimuli each year. Marmosets
initially improved on cognitive performance due to practice, but worsened in the final year,
suggesting the onset of age-related decline. Cognitive impairment emerged earlier in females than
males and was more prominent for discrimination than for reversal learning. Sex differences in
cognitive aging could not be explained by differences in motivation or motor abilities, which
improved or remained stable across aging. Likewise, males and females did not differ in aging
trajectories of overall behavior or reactivity to a social stressor, with the exception of a progressive
decline in the initiation of social behavior in females. Patterns of cognitive aging were highly
variable across marmosets of both sexes, suggesting the potential for pathological aging for

some individuals. Future work will link individual cognitive trajectories to neuropathology in
order to better understand the relationships between neuropathologic burden and vulnerability to
age-related cognitive decline in each sex.
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1. Introduction

Nearly 13 million people will have Alzheimer’s Disease (AD) in the US by 2050
(Alzheimer’s Association, 2019). Despite these alarming statistics, factors that drive an
individual onto a normal vs. a pathological aging trajectory remain largely unknown.
Longitudinal designs, which follow the same individuals over time, are far less common
than cross-sectional studies, but are essential for identifying susceptibility to or protection
from pathological aging processes (McQuail et al., 2021; Nyberg et al., 2020; Raz &
Lindenberger, 2011). Longitudinal studies of cognitive aging have shown that variability in
cognitive performance becomes greater at older ages (Nyberg et al., 2020). Interestingly,
they also point to differences in cognitive aging processes based on biological sex, but these
studies are rare and provide mixed results, with some suggesting that men decline faster than
women (McCarrey et al., 2016) while others report the reverse (Levine et al., 2021). The
complexity of human cognitive aging is even greater when considering sociocultural factors
that are widely acknowledged to influence aging trajectories including gender, race and their
interaction (Avila et al., 2019; Rahman et al., 2019). Longitudinal studies of neurocognitive
aging in laboratory animals living in controlled environments are necessary to isolate the
variables that critically influence cognitive health across the lifespan.

Due to their similarity with humans in brain organization and function, behavior and aging
patterns, non-human primates (NHPs) are highly valuable to study neurocognitive aging
(Baxter, 2001; Kaas, 2021; Lacreuse & Herndon, 2009; Moss et al., 1999; Voytko &
Tinkler, 2004). However, longitudinal studies in NHPs remain sparse due to the difficulty
of assessing cognitive change in long-lived species such as the rhesus macaque (up to

42 years old), the traditional model of human cognitive aging. Shorter-lived NHP species
have long been proposed as complementary models for human aging (Fischer & Austad,
2011). With an average lifespan of 10-12 years (Nishijima et al., 2012), and signs of
aging appearing around age eight (Abbott et al., 2003), marmosets are ideally suited for
longitudinal studies. They also show similar age-related changes as humans in a number
of biological systems, including the cardiovascular, renal, gastrointestinal, metabolic and
muscular systems (Ross, 2019; Ross et al., 2012). The marmoset has a brain organization
typical of primates (Kaas, 2021) and its brain also exhibits marked age-related changes,
including reduced neurogenesis in the dentate gyrus of the hippocampus and development
of neuropathology relevant to AD, including deposition of amyloid-p (AB) proteins and
accumulation of hyperphosphorylated tau and dystrophic microglia (Arnsten et al., 2021;
Geula et al., 2002; Maclean et al., 2000; Rodriguez-Callejas et al., 2016; Rothwell et al.,
2021). Moreover, marmosets have highly developed cognitive abilities (Huber & Voelkl,
2009; Spinelli et al., 2004), a rich behavioral repertoire (Miller, 2017), and a high level

of prosocial behavior (Burkart & van Schaik, 2020), thus providing characteristics that
are highly relevant for studying human aging. Only a few studies have investigated age-
related cognitive decline in this species. Three cross-sectional studies reported age-related
differences in working memory (Sadoun et al., 2019) and executive function (Munger et al.,
2017; Phillips et al., 2019; Sadoun et al., 2019).

The current study is the first comprehensive analysis of longitudinal cognitive change in
male and female marmosets. We studied a cohort of animals as they aged from middle
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(~ 5 years old) to old age (~9 years old). We aimed to characterize cognitive aging
trajectories using a reversal learning paradigm to evaluate changes in executive function
across aging. Executive function, which encompasses several cognitive abilities dependent
on the prefrontal cortex (PFC) including updating, task switching, planning, and inhibiting
(Miyake et al., 2000) shows robust age-related decline in humans and many other primates
and can be considered as a reliable marker of cognitive aging (Lacreuse et al., 2020). We
also characterized aging trajectories for comprehensive behavioral assessments including
motor competency, behavioral profiles and social stress reactivity.

2. Material and methods

2.1 Subjects

We studied 28 adult common marmosets (Callithrix jacchus) aged between 4 and 6 years old
at the start of the study (14 females, mean age at start = 4.81; 14 males, mean age at start =
5.14 years) for 4 consecutive years. Three females died of natural causes through the course
of the study. One female was removed from the study due to unexpected pregnancy. Six
additional animals were humanely euthanized in Year 4 for analysis of brain tissues. Details
about subjects and participation in particular tests are provided in Table A.1. Marmosets
were housed in opposite sex pairs and males were vasectomized as adults prior to the start of
testing to prevent breeding. Thus both males and females maintained their natural endocrine
milieu throughout the study. The marmosets were housed at the University of Massachusetts,
Ambherst under a 12:12 light cycle in steel mesh cages (182 x 54 x 75 cm) outfitted with a
nest box, hammock and perches or platforms. They were fed twice daily of a diet made out
of fresh fruits, vegetables, nuts and seeds, various breads and ZuPreem marmoset food. Food
and water were available ad /ibitum except during two hours prior to cognitive testing. Daily
enrichment of foraging toys were provided to all animals. Pairs and housing conditions were
consistent across the 4 years of study for most pairs (10 pairs) but repairing was necessary

in certain cases (e.g. death of partner). In these instances, testing was paused and resumed
following a period of acclimation. The marmosets were cared for in accordance with Guide
for the Care and Use of Laboratory Animals (8! edition, 2011) and all testing described

was approved by the University of Massachusetts Amherst Institutional Animal Care and
Use Committee. Data from this publication are available via Open Access (https://doi.org/
10.5281/zenod0.5497708).

2.2 Study Timeline

Testing occurred between 2016 and 2020 as outlined in Figure 1A. We collected data to
assess cognitive performance (reversal learning of 3 pairs of stimuli per year across 4 years),
motor function (once per year across 4 years), stress reactivity (once per year across 3 years)
and homecage behavior (weekly across 4 years). The tests of motor function (Hill and Valley
tests) were conducted concurrently with the end of cognitive testing within each year. Stress
reactivity was assessed through a Social Separation Test that took place one day per year

and did not overlap with any other tests for that animal. Some of the methods below have
been described in previous publications from these subjects regarding cognitive performance
during the first year (Laclair et al., 2019; Lacreuse et al., 2018; Nephew et al., 2020) and
first two years (Workman et al., 2018) of data collection.
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2.3 Cognitive Assessments

We used reversal learning as the main measure of cognitive performance to be administered
over 4 years. Reversal learning is a test of executive function that assesses cognitive
flexibility, or the ability to adapt to changing reward-stimulus contingencies. Reversal
learning has been well studied in NHPs including marmosets (Kangas et al., 2016; LaClair
& Lacreuse, 2016; Lacreuse et al., 2014; Munger et al., 2017; Pryce et al., 2004; Ridley et
al., 1981; Sadoun et al., 2019; Strasser & Burkart, 2012; Takemoto et al., 2015) and involves
a network of brain regions including the orbitofrontal cortex, caudate and striatum (Clarke et
al., 2005; Clarke et al., 2011; Collins et al., 2000; Jackson et al., 2018; Roberts et al., 1990).
In year 1, a subset of monkeys were also tested on intradimensional/extradimensional set
shifting (n = 17) (Laclair et al., 2019), and progressive ratio (n = 16) (Carlotto, unpublished
results) but these tests were not administered in subsequent years and are not reported here.

Reversal learning is comprised of two testing phases: discrimination and reversal. Cognitive
performance was measured by trials to criterion (criterion = 90% on 40 consecutive

trials) for discrimination and reversal, and was completed either on a touchscreen interface
(Monkey CANTAB) or on a manual version using a modified Wisconsin General Testing
Apparatus (WGTA, Figure 1B). Marmosets were presented with three stimulus pairs per
year (depicted in Figure 1A). After reaching criterion on discrimination for a stimulus pair,
the reward contingencies of the stimulus pair were reversed and the marmoset began the
reversal phase for the same pair on the next testing day. After reaching criterion on reversal
the marmoset moved on to the second stimulus pair of the year until completion of the 3
pairs. For all tests criterion was set at 90% (36 correct responses) on 40 consecutive trials.
Yearly scores for each marmoset were averaged across the three stimulus pairs presented
per year. Years one through three had one color mis-matched pair followed by two color-
matched pairs of stimuli. All stimuli in year four were color-matched, but we found a similar
pattern of results when only the color-matched pairs were analyzed (Figure A.1, Table A.2).

2.3.1 CANTAB—We used a NHP version of the Cambridge Neuropsychological Test
Automated Battery (Monkey CANTAB with Liquid Reward, Model 80951A), which
consists of a touch screen panel (37.78 cm) housed in stainless-steel frame (56 x 38 x

30 cm) using Intel based 1.6 GHz CPU operating system. In front of the touch screen panel
is a stainless-steel sipper tube that delivers reward (banana milkshake) via a peristaltic pump
at rate of 0.2 ml per second. All animals were trained to use the cognitive testing apparatus
prior to the beginning of data collection. Training followed procedures detailed in (Roberts
et al., 1988) and previously described for this group of marmosets (Laclair et al., 2019;
Workman et al., 2018).

Food and water were removed from the marmoset homecages approximately two hours prior
to cognitive testing. To begin a cognitive test session, a marmoset entered a transport box
(34.1 x 20.65 x 30.8 cm) affixed to its homecage. The CANTAB apparatus was then placed
in front of the transport box so that the marmoset could reach through a metal mesh (2.5

x 2.5 cm openings) to access the touch screen. During the test session the marmoset had
visual, auditory and olfactory access to their partner in the homecage and other marmosets
in their colony room. A solid, opaque door on the back of the transport box was closed so
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that they could not go back to their homecage until after the test session had ended. If a
marmoset appeared distracted by other animals during testing, a cover was added over the
transport box to facilitate attention to the cognitive task.

To start a test session, the reversal learning program was loaded to the CANTAB apparatus
from a remote computer outside of the marmoset colony room. For the discrimination,
marmosets were presented with a pair of stimuli on the CANTAB screen appearing in
random positions on the screen at each trial. Pairs of stimuli were selected from a set of
images provided by the CANTAB, but we avoided certain color combinations (i.e. red/green/
brown/orange), as female marmosets can be di- or tri-chromats but all males are dichromats
(Caine et al., 2010; Pessoa et al., 2005). In each pair, one stimulus was associated with a
reinforcement (banana milkshake), while the other was incorrect. The rewarded stimulus
was counterbalanced across all marmosets such that half of the marmosets were rewarded
for one stimulus whereas the other half were rewarded for the opposite stimulus. Marmosets
were offered 40 trials per day and five test sessions per week to acquire discrimination.
Once a marmoset reached criterion on discrimination, the reward-stimulus contingencies
were reversed (reversal). When a marmoset reached criterion in the reversal, the following
test day the marmoset moved on to the next pair of stimuli for that testing year.

2.3.2 Wisconsin General Testing Apparatus—As commonly observed in cognitive
studies (Schubiger et al., 2019), and computerized tests in particular (Nakamura et al., 2018;
Takemoto et al., 2015), a subset of monkeys were unable to complete training on CANTAB.
While one monkey did not participate in any task, four marmosets (detailed in Table A.1)
completed cognitive testing using a manual version of reversal learning administered with

a modified Wisconsin General Testing Apparatus (WGTA) (Harlow, 1949). The WGTA
consists of an opaque box (43.2 x 42.3 x 44.5 cm) with test tray (40.65 x 11.15 x 1.25

cm) containing two wells (diameter 2.5 cm) that can be baited with food rewards. The wells
were covered with stimulus objects (2 x 2 x 0.9 cm3) that were the same shape and color

of the CANTAB stimuli (Figure 1A) but were made of a foam-like material and mounted on
a token (diameter 3.5 cm). When in place, the stimulus and token completely covered the
food well. An opaque plexiglass door affixed between the marmoset and the WGTA testing
box allowed the experimenter to permit or limit access to the stimulus objects during the test
session.

To begin a session, the experimenter closed the opaque door and baited one well with a

food reward (mini dried marshmallow, 6 mm diameter), covered it with the correct stimulus,
while simultaneously covering the empty well with the incorrect stimulus. The experimenter
then lifted the opaque door to start the trial and let the marmoset displace one of the stimuli.
The experimenter recorded whether the marmoset had chosen the correct (coded as 1) or
incorrect (coded as 0) stimulus. The response time was recorded as the time from the door
opening to the marmoset’s choice. If the marmoset did not choose within two minutes it was
coded as omitted and the next trial was administered. Between each trial the experimenter
closed the opaque door to set up the next trial.

Marmosets on WGTA were offered 20 trials per day, five days per week. The rewarded
stimulus was counterbalanced across the four marmosets. The experimenter followed a test
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sheet indicating a randomized location (left vs. right) for the correct stimulus. Once a
marmaoset reached criterion, the reward contingencies were reversed and the marmoset began
the reversal task. When a marmoset reached criterion on reversal, he or she moved on to the
next pair for that testing year.

2.3.4 Preliminary Analyses & Cognitive Variables—We assessed differences in
trials to criterion based on whether marmosets completed cognitive testing with the
CANTAB touchscreen or the WGTA. We conducted general linear mixed models (GLMM)
with fixed effects for Test Type (WGTA, CANTAB), Year and a Test Type*Year Interaction
and a random effect of individual marmoset. The GLMMs revealed a significant effect of
Test Type for discrimination (F(1, 213) = 5.94, p = 0.015) and reversal (F(1, 207) = 4.26, p =
0.04). Planned comparisons of WGTA vs. CANTAB at each testing year showed that WGTA
score were significantly worse than CANTAB only in Year 4 for both discrimination (t(213)
=-2.55, p =0.01) and reversal (t(207) = -2.91, p = 0.004). Due to sample size attrition,

the WGTA dataset in Year 4 included only two marmosets (1 female, 1 male). The effect of
Test Type in Year 4 was likely due to chance, as the scores for these marmosets fell within
their individual aging trajectories. Therefore, the CANTAB and WGTA data were combined
in subsequent analyses. Moreover, the aging trajectories reported in sections 3.1.1 and 3.1.2
remain consistent when only the CANTAB data are analyzed.

We measured cognitive performance using the number of trials to reach criterion and the
number of errors made to reach criterion for both discrimination and reversal. We averaged
across the three stimulus sets within each year to obtain a yearly score for each marmoset
on each cognitive performance variable. We also analyzed two measures that evaluate the
motivation to complete the cognitive task: response latency and omissions. Response latency
is the time between the presentation of the cognitive stimuli on the CANTAB screen and
the marmoset’s selection of the correct or incorrect stimulus. We calculated a proportion of
omissions as proportion of trials a marmoset declined to respond to out of 40 total trials
presented to that marmoset for that specific test. Due to differences in the experimental
set-up, motor latencies were much longer and omissions less frequent in the WGTA than
CANTAB. Therefore, these analyses excluded the WGTA monkeys.

2.4 Motor Assessments

To assess motor competency, we utilized the Hill and Valley task which has been used

to measure motor ability in marmoset models of Parkinson’s disease (Bihel et al., 2010;
Eslamboli et al., 2003; Marshall & Ridley, 2003; Phillips et al., 2017). Hand preference,
which has been shown to be stable over time (Hook & Rogers, 2000), was assessed in Year
1.

2.4.1 Hill & Valley Apparatuses—Two apparatuses were used for motor testing, each
made out of clear plexiglass containing two staircases (9 x 9 x 3 mm) with five steps each
(Figure 1C). The Hill task has two lateral openings (7.4 x 2 mm) on the right and left

side with one staircase near each opening. The Valley task has one central opening (7.7 x

2 cm) with two staircases rising on either side. All animals were trained to use the motor
testing apparatuses prior to the beginning of data collection. Training followed procedures
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previously described for this group of marmosets (Laclair et al., 2019; Workman et al.,
2018).

To begin a motor test session, a marmoset jumped into a transport box affixed to their
homecage and transported to a nearby cart in the colony room. The Hill or Valley apparatus,
filled with mini-dried marshmallows on each step, was then affixed to the front of the
transport box. Then the experimenter lifted an opaque door so that the marmoset could
access the apparatus. Marmosets had to use one hand to retrieve the food rewards from each
step. In the Hill version, the monkey had to use the right hand to reach the right staircase and
the left hand for the left staircase. In the Valley apparatus, the right hand had to be used to
reach the left staircase and vice versa. Each marmoset had five minutes maximum to retrieve
all five marshmallows from one staircase. Each marmoset participated in all four conditions
(Hill Left, Hill Right, Valley Left, Valley Right) in one test session and were given one test
session per day across three days. The order of testing was counterbalanced so that on the
first testing day half of the marmosets participated in the Hill version and the other half
participated on the Valley apparatus. The order of conditions was randomized across test
sessions. Each session was video recorded and a trained experimenter decoded the video
playbacks to score accuracy and latency to complete the task.

2.4.2 Preliminary Analyses & Motor variables—Maximum accuracy score was 15
points per hand with one point counted for retrieving the marshmallow on the first step,

2 points for the second step and so on until 5 points for the fifth step. If a marshmallow

was dropped then one point was deducted. The latency to retrieve all five food rewards was
calculated for each test. A GLMM revealed that motor performance of left vs. right hands
did not differ for accuracy (F(1, 128) = 0.66, p = 0.42) or latency (F(1,91) =0.78,p =
0.38). Likewise, motor performance of preferred vs. non-preferred hand did not differ for
accuracy (F(1, 128) = 0.84, p = 0.36) or latency (F(1, 91) = 0.33, p = 0.57). Therefore, we
took averaged performance scores of accuracy and latency across each hand for each year of
testing.

2.5 Homecage Behavior

Behavior observations were recorded twice weekly for each marmoset consisting of one
morning and one afternoon observation. Trained observers completed 5-min focal animal
observations using the ethogram in Table A.3 and noted a 0/1 for each behavior during

15 second intervals. We summarized behavior quarterly for each year by taking the sum

of observed intervals (i.e. 20 15-s intervals per 5-min observation) across 3 months of
each year. We then calculated the percentage of observations of the behavior of interest
among the total observations. We evaluated calm locomotion, agitated locomotion and two
composite behavior scores: Initiate Social Behavior was a composite that included initiating
the following behaviors with the cagemate: social contact, sniff/nuzzle, groom, mount,
tongue flick, or social play. Agonistic Displays was a composite score that included the
following behaviors: scent mark, gouge, piloerection and genital display.
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2.6 Social Separation Test

Social separation in NHPs, including marmosets, reliably activates behavioral and
physiological distress responses (Cacioppo et al., 2015; Hennessy, 1997). One procedure
previously validated for marmosets is the Social Separation Test (French et al., 2007)

where an individual marmoset is housed alone away from the colony room for 7 hours
during which distress behaviors can be observed along with elevated hypothalamic-pituitary-
adrenal (HPA) axis activity, measured via urinary cortisol excretion, both subsiding upon
return to the homecage and reunion with the partner. The Social Separation Test occurred on
a single test day per year for Years 1, 2 and 3.

The social separation test started at approximately 0800 AM, when the test marmoset was
first observed in the homecage prior to separation and we collected a baseline behavioral
observation for 5 min as well as a BL urine sample to assess urinary cortisol levels
(Saltzman et al., 1998). Then the test marmoset was removed from the homecage (Saltzman
et al., 1998) and colony room and housed alone in a similar cage for 7 hours with food and
water available ad /ibitum. During these 7 hours, the marmoset was not in visual, auditory
and olfactory communication with any other marmosets. Each session was videotaped.
Three 5-min behavior observations were collected during separation (first 5 min, 3.5 hours
after separation, final 5 min) and compiled to create a total separation score. Experimenters
entered the room once each hour to collect any urine that was available on a catch pan
underneath the marmoset’s cage. After 7 hours had elapsed, the marmoset was returned to
the homecage. The following day, a urine sample was collected again at approximately 0800
AM to assess cortisol concentrations.

2.6.1 Urinary Cortisol Assays.—All urine samples were pipetted into 1.5 ml vials,
spun in a centrifuge a minimum of 5 min, transferred to a new 1.5 ml vial and stored frozen
at —20°C. Urine samples from Year 1 were processed by the Endocrine BioServices Assay
Lab at the University of Nebraska Omaha. Urine samples from Year 2 and 3 were processed
by the Assay Services at the Wisconsin National Primate Research Center.

2.6.2 Social Separation Test Variables—We assessed behavioral reactivity to the
Social Separation Test by taking a difference score between each individual’s total score
during the Social Separation Test and subtracting it from that individual’s pre-separation
baseline. This provided scores with negative values representing a lower prevalence of the
behaviors during separation and a positive number representing an increased prevalence

of the behavior compared to pre-separation. The measures focused on three behaviors
commonly observed during the Social Separation Test: agitated locomotion, a measure

of stress reactivity, calm locomotion, reflecting normal locomotor activity and alert,
representing vigilant behavior (Table A3). For physiological responses, we calculated
cortisol reactivity and cortisol regulation according to previous calculations used for
marmosets during Social Separation Test (Cavanaugh et al., 2016). Cortisol reactivity was
calculated as a percent increase to peak cortisol during the Social Separation Test from the
pre-separation baseline sample. Cortisol regulation was calculated as a percent increase from
the pre-separation baseline to the urine sample collected the morning following separation.
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2.7 Statistical Analyses

All analyses were conducted in SAS (version 9.4), SPSS (IBM version 25), or HLM (version
7.0). Raw data were evaluated by year and data points three standard deviations above or
below the mean were considered outliers and removed. Datasets were considered normal if
the average skew across years fell between -1 and 1. If datasets were skewed outside of this
range, a square root transformation was used to achieve a normal distribution.

We utilized multilevel mixed effects models to incorporate both individual aging trajectories
and predictors of between-individual variation by nesting repeated observations across
aging within individual marmosets (Raudenbush & Byrk, 2002). Marmosets with partial

or missing data were included in order to stabilize estimates of means and variances and full
information maximum likelihood was used to estimate missing data. We first fit a linear or
curvilinear (i.e. quadratic) baseline growth model that derives an average aging trajectory
for all marmosets based on the individual trajectories of each marmoset. We retained the
quadratic growth model when it provided a significantly better fit for the aging trajectory
(chi-square test of deviance, p< 0.05). We then describe initial performance in the first year
of testing (i.e. intercept) and growth trajectories (i.e. slopes) across the subsequent three
years. When aging trajectories were linear, we report the slope across all four years. When
aging trajectories were quadratic, we reported slopes of change between each year. Sex
(Male, Female) was added as a predictor variable in order to assess whether the variability
around the average slopes in the baseline growth model were significantly predicted by

sex. We also added starting age as a covariate to the baseline growth model to control for
variability in age at the start of the study. All results are expressed as mean + standard error
of the mean.

3. Results

3.1 Cognitive Performance

3.1.1 Discrimination—Results from the baseline growth models are detailed in Table
A.4. Cognitive performance across aging followed an inverted U-shaped trajectory and a
significant curvature was found for trajectories of discrimination performance across aging
(B =34.36 + 8.99, t(25) = 4.13, p < 0.001; Figure A.2a). Curved aging trajectories are
found in longitudinal cognitive studies in humans where scores improve initially due to
additional practice with a repeated cognitive test, called a practice or retest effect (Salthouse,
2010, 2014). Marmosets took an average of 261.73 + 12.37 trials to achieve criterion on
discrimination in Year 1 and significantly improved in Year 2 (204.75 + 17.30 trials to
criterion; B = -91.34 + 28.25, t(25) = —3.23, p = 0.003). Discrimination performance was
stable from Year 2 to Year 3 (216.47 £ 20.42 trials to criterion), but significantly declined in
Year 4 (B = 46.09 £ 12.97 trials to criterion, t(25) = 3.55, p = 0.002), with marmosets taking
an average of 296.92 + 28.73 trials to reach the 90% criterion.

The number of errors to criterion on discrimination followed a similar pattern (Figure A.2b).
Marmosets made an average of 85.26 + 8.50 errors in Year 1, then improved in Year 2
(68.33 £ 9.55 errors; B = —-1.39 (0.57), t(26) = —-2.42, p = 0.023). The number of errors to
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criterion remained stable in Year 3 (58.80 + 6.71 errors) and then increased in Year 4 (92.60
+11.95 errors, B = 0.57 £ 0.27, t (26) = 2.13, p = 0.043).

We also examined the types of errors made as a function of aging. For this analysis, the

total number of errors to criterion was divided into Chance errors and Learning errors

(Lai et al., 1995). Errors were categorized as Chance when a marmoset’s performance

was not significantly better than chance, determined to be a score of 27/40 based on

1-tailed binomial test ( p < 0.02). Learning errors occurred after a marmoset was performing
significantly better than chance (i.e. score 27/40) until reaching criterion (i.e. 36/40). Chance
errors were relatively stable across aging, while changes in Learning errors accounted for
most of the changes in total errors across the 4 years of testing (Figure A.2c). On average,
marmosets made 44.09 + 4.84 Learning errors in Year 1, significantly fewer Learning errors
in Year 2 (35.91 £ 7.25 errors, B = —-1.52 £ 0.51), t(26) = -2.98, p = 0.006) and Year 3
(20.87 £ 3.69 errors, B = —0.48 £ 0.22), t(26) = -2.14, p = 0.042). In Year 4, the number of
Learning errors increased to 50.48 + 9.79, but this was not significantly greater than Year 3
(B =0.56 = 0.29, t(26) = 1.92, p = 0.065).

3.1.2 Reversal—Trials to criterion on reversal also followed a quadratic aging trajectory
(B=57.42 + 13.42, 1(26) = 4.28, p < 0.001; Figure A.2d). On average, marmosets took
505.93 £ 35.18 trials to reach criterion on reversal in Year 1, then significantly improved
(377.27 £ 29.69 trials; B = —186.07 + 38.68, t(26) = -4.81, p < 0.001) from Year 1 to Year
2 and from Year 2 to Year 3 (363.47 + 35.57 trials to criterion; B = —71.23 + 19.62, t(26) =
—-3.63, p = 0.001). Trials to criterion increased in Year 4 (464.42 + 55.93 trials), but this was
not significantly different from Year 3.

The errors to criterion followed the same pattern (B = 18.18 + 4.57, t(26) = 3.98, p < 0.001,
Figure A.2e). Marmosets made an average of 218.70 + 15.72 errors in Year 1, and fewer
errors in Year 2 (171.45 + 14.99 errors, B = —65.43 £ 15.50, t(26)= —4.22, p < 0.001) and
Year 3 (160.57 £ 16.77 errors, B = —29.07 £ 8.36, t(26) = —3.48, p = 0.002). In Year 4
marmosets made significantly more errors (186.06 + 20.17 errors, B = 7.30 + 8.16, t(26) =
9.57, p < 0.001) compared to Year 3.

To examine the errors types as a function of age, the total number of errors on reversal

was divided into three categories: Perseverative, Chance and Learning (Lai et al., 1995).
Perseverative errors occurred when a marmoset was performing significantly below chance
level (13/40) based on 1-tailed binomial test ( p < 0.02). The number of Perseverative
errors did not change across aging (Figure A.2f). Chance errors followed a quadratic aging
trajectory: marmosets made an average of 82.87 + 7.89 Chance errors on reversal in Year
1, then made significantly fewer Chance errors in Year 2 (65.49 £ 12.29 errors, B = -1.35
+ 0.64, t(26) = -2.11, p=0.044) and Year 3 (51.19 £ 9.51 errors, B = +0.64 (0.27), t(26)=
-2.40, p = 0.024). Marmosets made more Chance errors in Year 4 (65.93 + 9.21) but this
was not a significant increase from Year 3. Learning errors did not change across aging.

3.1.3 Sex Differences—Sex differences were present in the slopes of cognitive

performance between Years 1 and Year 3 for trials to criterion on discrimination (Figure
2A; Table A.5). Males needed fewer trials in Year 2 than Year 1 to complete discrimination
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whereas females did not show improvement (sex difference in slopes: t(23) = 2.22, p =
0.036). From Year 2 to Year 3, males had stable cognitive performance whereas females
showed decline (sex difference in slopes: t(23) = 2.45, p = 0.022). There was no sex
difference in the trajectory of cognitive performance from Year 3 to Year 4, where both
males and females showed cognitive decline by taking more trials to reach criterion. No sex
difference was found for the errors to criterion, including Total errors, Chance errors and
Learning errors (Figure 2B) suggesting that aging trajectories for errors to criterion were
similar for males and females. Cognitive aging trajectories for trials to criterion on reversal
did not differ as a function of sex overall. Yet, females had significantly poorer performance
than males in Year 3 (t(24) = —-2.09, p = 0.047) and Year 4 (t(24) = -2.26, p = 0.033; Figure
2C). Females made also more Total errors to criterion on reversal compared to males at the
trend level in Year 3 (t(24) = -1.96, p = 0.062; Figure 2D) and Year 4 (t(24) = -1.95, p

= 0.063). However, there was no sex difference within Perseverative, Chance or Learning
errors for reversal.

3.2 Non-cognitive Variables: Aging and Sex Differences

Full results evaluating sex differences in motivation, motor performance, general behavior,
and stress reactivity are reported in Table A.6.

3.2.1 Motivation in CANTAB cognitive testing.—To assess whether sex differences
in cognitive performance were due to sex differences in motivation, we evaluated the
proportion of omitted trials where marmosets declined to respond to any stimulus, as well as
the latency to respond to stimuli during discrimination and reversal testing. All marmosets
omitted fewer trials across the 4 years of testing (B = —0.042 £ 0.014, t(21) =-2.99, p =
0.007; Figure 3A), regardless of sex. Response latencies on cognitive trials became faster
across the 4 years of testing for both discrimination (B = —-208.46 + 45.45, t(21) = —4.59,

p < 0.001; Figure 3B) and reversal (B = -161.24 + 37.77, t(21) = -4.27, p < 0.001; Figure
3C), and did not differ for males and females. Therefore, there was no evidence for sex
differences in motivation.

3.2.2 Motor performance in Hill and Valley test.—To complete cognitive tests,
marmosets were required to reach with one hand to select a stimulus on the screen. We
evaluated whether sex differences in reversal learning were due to sex differences in aging
trajectories of motor abilities. We measured accuracy according to the total number of
rewards retrieved (maximum 15 points) and latency to complete the motor tasks. We found
that motor competence was stable across aging, with no evidence of decline in accuracy
(Figure 3D) or latencies (Figure 3E). No sex difference was found for motor accuracy or
latency.

3.2.3 Behavior in the homecage.—Calm locomotion, indicative of a relaxed state,
increased across aging similarly for all marmosets (B =3.34 £ 0.74, t(27) =4.51,p <
0.001), and did not differ between males and females (Figure 3F). Likewise, there were
no significant sex differences in agitated locomotion, indicative of a stressed state, which
declined across aging for all marmosets (B = —0.57 + 0.064, t(27) = 8.97, p < 0.001,;
Figure 3G). Males and females initiated social interactions at a similar frequency in Year
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1, but females initiated less social behavior across aging. By Year 4 they initiated social
behavior significantly less frequently than males (B = 0.56 £+ 0.27, t(25) = 2.09, p = 0.047;
Figure 3H). Agonistic displays did not change across aging for males or females and no sex
differences were present across years (Figure 3l). Thus, the slight decline in initiating social
interactions in females is the only behavior in the homecage that parallels their decline in
cognitive performance during the same time period.

3.2.4 Stress reactivity in the Social Separation Test

3.2.4.1 Behavioral Reactivity.: We used three behaviors to assess reactivity: calm
locomotion, indicative of a relaxed state, agitated locomotion, an indicator of a stressed
state, and inactive alert, indicative of a vigilant state. We calculated the degree to which
these behaviors were more or less prevalent during the separation relative to baseline. As
expected, calm locomotion was significantly lower during separation compared to baseline.
Calm locomotion remained stable across aging (Year 1: t(27) = -3.99, p = 0.001), Year 2:
t(27) = -5.66, p< 0.001, Year 3: t(27) = -3.92, p < 0.001; Figure 4A), and we found no sex
differences. Also as expected, agitated locomotion was significantly higher during separation
relative to baseline for Year 1 (t(27) = 2.68. p = 0.012) and Year 2 (t(27) = 3.92. p < 0.001).
Agitated locomotion was similar to baseline during Year 3 (t(27) = 0.993, p = 0.33). No

sex differences were detected (Figure 4B). Alert behavior was significantly higher during
separation relative to baseline, remained stable across aging (Year 1: t(27) = 4.67, p = 0.004,
Year 2: t(27) = 4.26, p < 0.001, Year 3: t(27) = 2.11, p = 0.044; Figure 4C) and did not differ
between males and females.

3.2.4.2 Physiological Reactivity and Regulation.: The assays for urinary cortisol were
different across years and therefore we could not assess within-individual trajectories of
change in basal cortisol across aging. We analyzed cortisol reactivity, calculated as the
percentage increase in cortisol at the peak level during separation compared to baseline
for each individual. As expected, all marmosets had significantly elevated urinary cortisol
during separation (Year 1: t(26) = 7.73, p < 0.001, Year 2: t(26) = 10.67, p <0.001, Year
3:1(27) = 8.18, p < 0.001; Figure 4D), independent of sex. We also calculated cortisol
regulation, or the degree to which marmosets returned to baseline cortisol levels the day
following separation, by calculating the percentage increase in cortisol from urine the day
following separation compared to baseline. Urinary cortisol was significantly elevated the
day following separation compared to baseline each year across aging (Year 1: t(27) = 3.65,
p =0.001, Year 2: t(27) = 5.36, p < 0.001, Year 3: t(27) = 3.63, p = 0.001, Figure 4E)
independent of sex.

4. Discussion

We longitudinally assessed reversal learning performance in marmosets across four years as
they transitioned from middle (~ 5 years old) to old age (~ 9 years old). Reversal learning

is a benchmark task of executive function, a cognitive domain that substantially declines
with age in all primates studied (Lacreuse et al., 2020) and across a range of other taxa

and paradigms (lzquierdo et al., 2017). Marmosets performed better on the discrimination
compared to the reversal phase, indicated by fewer trials to criterion and fewer errors, which
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is typical for reversal learning in a wide range of primate (Lai et al., 1995; Rapp, 1990;
Voytko, 1999) and non-primate species (dogs: Boutet et al., 2005; rats: Brushfield et al.,
2008). We found changes across aging in both discrimination and reversal performance.
Specifically, we observed cognitive decline after a period of initial improvement in cognitive
performance, a practice effect characteristic of longitudinal studies of cognitive aging
(Salthouse, 2010). Marmosets improved on both discrimination and reversal in the second
year compared to the first. Performance then remained stable for discrimination, whereas
marmosets continued to improve on reversals. Performance worsened in the final year,

as shown by a decline on discrimination and a lack of practice effect on reversal. These
results suggest that we captured the beginning of cognitive decline in the final year of

the study, corresponding to age 8 to 9, which is consistent with the timing of decline
identified by a cross-sectional study in young and older marmosets (Sadoun et al., 2019). We
found a greater effect of age on discrimination whereas Sadoun (2019) found greater age-
related decline on reversal. These discrepancies could be due to experimental differences
including the overall approach, as cross-sectional studies can overestimate aging effects,
while longitudinal designs are more sensitive to change within individuals across aging
(Salthouse, 2014).

Importantly, sex differences pointed to an earlier cognitive impairment in female marmosets.
Unlike males, female marmosets did not show an initial improvement in discrimination
performance. This is potentially important as lack of practice effect in older humans has
been associated to future cognitive decline and dementia diagnosis (Jutten et al., 2020).

In addition, females declined on discrimination starting in middle-age, during the second
year of the study, whereas males did not decline until the third year. For reversals, the
aging trajectory for males and females are more similar as both display initial improvement
and maintenance followed by decline. However, females’ age-related decline in reversal
performance was more prominent as they obtained significantly poorer scores than males
in Years 3 and 4, without specific increases in perseverative, chance or learning errors.

In a previous publication from the same study (Workman et al., 2018), we also report
evidence of female impairment when we assessed changes in reversal learning performance
from the first two years of the study on a subset of animals (n=18) and using a different
analytic approach (i.e. repeated measures ANOVA considering reversal learning phases

of discrimination and reversal as a within-subject variable). This initial report also found
practice effects with improved performance in Year 2, but the sex difference was more
prominent for the reversals, as opposed to discrimination performance. In agreement with
Workman et al. (2018), the present paper also finds that females obtain poorer scores than
males on reversals in Year 1 and Year 2, but the sex difference in not significant with

a larger number of animals and an analysis considering each phase of reversal learning
independently.

We assessed several non-cognitive factors that could contribute to age-related decline and
sex differences. Interestingly, motivation, as assessed by latencies to respond and omitted
trials in cognitive testing, improved across aging. Motor ability, as assessed by the Hill and
Valley test, likewise did not decline, which was unexpected as slowing of motor function
has been reliably observed in aging NHPs (Lacreuse et al., 2005, 2014; Zhang et al.,
2000). These discrepancies could be due to task differences or the age range studied.
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Behaviors in the homecage suggested that all marmosets, regardless of sex, displayed

less agitated locomotion together with more calm locomotion as they age. We also found
that all marmosets maintained species-typical responses to social separation with elevated
behavioral and physiological reactivity compared to pre-separation baseline (French et al.,
2007). Based on these results, we do not believe that changes in behavior profiles or stress
reactivity significantly contributed to the sex differences in cognitive decline. However,
since the Social Separation Test was not conducted in the final year, more data are needed
to completely rule out the role of these factors in age-related cognitive decline. Males and
females only differed in the initiation of social interactions with the opposite-sex partner,
with females initiating social interaction less frequently than males across aging. This very
interesting finding is worth investigating further, as changes in social interactions have been
shown to co-occur with cognitive decline and to be indicative of p-amyloid deposition in
cognitively normal older people (Biddle et al., 2019).

A caveat to this study is that we did not measure steroid hormones. However, endocrine
differences between males and females are likely to contribute to sex differences observed

in cognitive aging. Female marmosets, unlike women, do not experience menopause and
continue to cycle to the end of life (Abbott et al., 2003), whereas male marmosets, like

men, experience a decline in testosterone levels with age (Tardif et al., 2008). In a previous
study, we found that estradiol treatment impaired cognitive performance in ovariectomized
female marmosets such that they made more perseverative errors during serial reversals
(Lacreuse et al., 2014). Recent work in rats also points to estrogens impairing sensitivity to
reward contingencies and overall cognitive flexibility (Schoenberg et al., 2019). In contrast,
testosterone administration had no effect on serial reversal acquisition in gonadectomized
male marmosets (LaClair & Lacreuse, 2016). Additional studies will be needed to clarify the
role of sex steroids in modulating patterns of cognitive aging in male and female marmosets.

The observed sex differences in aging trajectories may not be specific of cognitive
flexibility. Indeed, there was no evidence for an increase in perseverative errors overall

in any year of the study in either sex. In addition, the sex difference in performance was

not limited to the reversals, but extended to discrimination. Discrimination and reversals
involve somewhat distinct processes, with reversals being unique in requiring flexibility,
the ability to inhibit a prepotent response and select a stimulus that was previously non-
rewarded. Although associative learning is involved in both phases, it has been suggested
that discrimination and reversals may involve a different task space (Costa et al., 2015; Jang
et al., 2015) or representation of task demands (Wilson et al., 2014), where the probability
for a change of contingencies occurs only in the reversals (see lzquierdo et al., 2017 for a
detailed discussion; Harris et al., in press). One interpretation of our finding is that females
experienced earlier and greater age-related decline than males in associative learning, that
impacted both the initial learning stages (discrimination) and learning of the reversed
reward-stimulus associations. Alternatively, we cannot rule out that the sex difference in

the reversals is more related to the cognitive representations of the task. Studies investigating
the neural bases of reversal learning in each sex are needed to clarify these results.

It is important to note that we did not track age-related changes in sensory abilities such as
vision, audition or olfaction, which can decline across aging for marmosets (Ross, 2019).
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We cannot completely rule out a contribution of age-related visual impairments to cognitive
decline as difficulty in discriminating between the two visual stimuli would have led to
longer acquisition times in the discrimination phase. However, at the end of this phase,

all monkeys reached the 90% correct criterion, demonstrating their ability to discriminate
between the two visual stimuli. Therefore, visual impairment should only have a limited
impact on the ability to switch to the alternate stimulus in the reversal phase. Because
cognitive decline was observed in both phases, the development of visual impairment with
age cannot solely explain this pattern of results. Yet, we recognize the crucial importance
of carefully assessing visual and other sensory functions in future investigations, a these
changes can precede major cognitive changes in humans (Lindenberger & Baltes, 1994) and
have been suggested as early indicators of AD.

Interestingly, we reported remarkably large and robust sex differences in resting state
functional connectivity (rsFC) in this cohort of marmosets, measured on a subset of

animals during Year 1 (Laclair et al., 2019) and Year 2 (Nephew et al., 2020). At both
timepoints males were found to have stronger rsFC compared to females, especially within
the PFC and striatum, and this pattern of connectivity correlated with cognitive performance.
Additionally, males had greater glutamine + glutamate (GIx) levels in PFC in Year 1, as
assessed by magnetic resonance spectroscopy (Lacreuse et al., 2018). These findings suggest
that sex differences in brain networks and neurochemistry may shape differential cognitive
processing between the sexes. Future studies should use neuroimaging to track changes

in brain structure and brain activity over time, along with measuring gonadal steroids and
cognitive performance.

Neurocognitive aging in humans is highly variable and can range from normal decline

to pathological decline characteristic of dementia. Biological sex seems to influence both
healthy and pathological aging in humans; sex differences have been found in healthy,
cognitively normal adults across aging, but there are only a few studies and the findings
are inconsistent (Levine et al., 2021; McCarrey et al., 2016). With regards to pathological
aging, women are considered more susceptible to AD as they make up two thirds of patients
diagnosed with dementia (Alzheimer’s Association, 2019). However, the epidemiological
evidence is highly debated (Ferretti et al., 2018), due in part to longer lifespans for women
(Lemaitre et al., 2020). Nevertheless, the clinical evidence points to women experiencing
greater AD symptomatology, faster rate of cognitive decline and brain atrophy than men
(Ferretti et al., 2018). Our study suggests that female marmosets may likewise be more
susceptible to earlier and steeper cognitive decline. Interestingly, marmosets have the
opposite of pattern of longevity than humans, with females having a shorter lifespan (10
years) than males (12 years) (Nishijima et al., 2012). Although we did not find evidence of
sex differences in frailty in our animals it will be important to determine whether cognitive
decline in female marmoset is related to reproductive burden and overall shorter lifespan
(Nishijima et al., 2012).

Beyond biological sex, individual trajectories of neurocognitive aging have been found
to become more variable across older age in healthy aging adults (Nyberg et al., 2020).
Likewise, we found highly variable cognitive trajectories, both within and across sexes,
with presence of individuals that were cognitively stable and other that declined sharply. At
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this time, it is unclear whether the aging trajectories that we observed are representative of
healthy aging, pathological aging or a mix of both processes. In order to leverage the true
value of the marmoset as a model for neurocognitive aging, ongoing work will link cognitive
aging trajectories to neuropathological burden within the same individuals. Including sex

in these preclinical studies (Shansky & Murphy, 2021; Waters & Laitner, 2021) will be a
crucial step to understand how sex shapes neurocognitive trajectories in our own species
(Ferretti et al., 2018).
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Highlights:
. First longitudinal study of cognition in aging marmosets (Callithrix jacchus)
. Practice effects preceded age-related cognitive decline
. Females exhibited cognitive decline at earlier age than males
. No sex differences in aging for motor abilities, behavior or social stress

reactivity
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Figure 1. Study Timeline (A) and Apparatuses (B, C).
A: Cognitive testing in the format of Discrimination and Reversal testing occurred all 4

years with 3 stimuli sets per year. Motor testing was administered each year following
completion of cognitive testing. Social separation testing occurred on one day per year
during years 1 to 3 and did not overlap with any other testing. Behavior was observed
weekly in the home cage. B: Cognitive apparatuses: CANTAB touchscreen (left) and WGTA
(right); C: Motor apparatuses: Hill (left) and Valley (right).
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Figure 2. Sex differences in cognitive aging trajectories in marmosets.
Trials to criterion for each year of testing for males (blue) and females (red) on

discrimination (A&B) and reversal (C&D). Points represent averaged scores for individual
marmosets within each year. Lines represent average aging trajectories from multilevel
growth models reported in Table A.5. Error types for discrimination (B) and reversal (D) are
presented as means and SEM. #p < 0.065. Y-axes are inverted for A & C for readability.

1duosnuepy Joyiny

1duosnue Joyiny

Neurobiol Aging. Author manuscript; available in PMC 2023 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Rothwell et al.

Page 25

Cognition: Omitted Trials Cognition Discrimination: Cognition Reversal:
Apropomcn B . Response Latency ¢ 5 Response Latency Females @
time (ms) time (ms)
104 01 07 Males [l —
faster faster
0.8 10004 1000+
0.64 b 20004 : 2000-
0.4 30004 : 3000
0.24 40004 4000
slower slower
0. T T T T T T T T T T
1 2 Year 3 4 4 2 Year 3 - Year 3 4
D Motor: Accuracy E Motor: Latency
score time (sec)
15 0
better 5 faster
B . i A .
iii i " 204 . .
10 E = - " - - =
L ! .
.-———r——f_;
60  «f. X §
51 2 .
804
worse slower
1 2 3 4
! 8 Year ¢ * Year
F Homecage: Calm Locomotion G Hi : Agitated Lt ion H Homecage: Initiate Social Behavior 1 Homecage: Agonistic Displays

% of scans
1004

804
604
404 =

20, *

s;rl(% of scans)

ri(% of
sg_( of scans)

% of scans
80

Figure 3. Aging trajectories for non-cognitive variables in marmosets.
Aging Trajectories in males (blue) and females (red) for: the proportion of omissions on

all cognitive trials (A), response times for discrimination (B) and reversal (C) (Top panel);
Motor accuracy and latency (D-E, Middle panel); Homecage behaviors (F-1, Bottom panel).
Points represent averaged scores for individual marmosets. Lines represent average aging
trajectories from multilevel growth models reported in Table A.6. Y-axes are inverted for B,
C & E for readability.
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Figure 4. Behavioral and Physiological Responses to Social Separation Test.
Aging trajectories for males (blue) and females (red) for measures of behavioral (A-C) and

physiological (D-E) reactivity, calculated as difference between pre-separation baseline (BL)
and total separation score. Positive values represent increase from BL during separation and
negative values represent decrease from BL. Zero represents no change from BL, which

is indicated with a dotted line. Points represent averages scores for individual marmosets
within each year. Lines represent average aging trajectories from multilevel growth models
reported in Table A.6. Y-axes are inverted for B, C, D & E for readability.
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