GeroScience (2018) 40:123-137
https://doi.org/10.1007/s11357-018-0019-x

@ CrossMark

ORIGINAL ARTICLE

Simultaneous assessment of cognitive function, circadian
rhythm, and spontaneous activity in aging mice

Sreemathi Logan - Daniel Owen - Sixia Chen - Wei-Jen Chen + Zoltan Ungvari -
Julie Farley - Anna Csiszar - Amanda Sharpe - Maarten Loos - Bastijn Koopmans -

Arlan Richardson - William E. Sonntag

Received: 9 March 2018 /Accepted: 11 April 2018
© American Aging Association 2018

Abstract Cognitive function declines substantially
with age in both humans and animal models. In
humans, this decline is associated with decreases in
independence and quality of life. Although the
methodology for analysis of cognitive function in
human models is relatively well established, similar
analyses in animal models have many technical is-
sues (e.g., unintended experimenter bias, motiva-
tional issues, stress, and testing during the light
phase of the light dark cycle) that limit interpretation
of the results. These caveats, and others, potentially
bias the interpretation of studies in rodents and
prevent the application of current tests of learning
and memory as part of an overall healthspan assess-
ment in rodent models of aging. The goal of this
study was to establish the methodology to assess
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cognitive function in aging animals that addresses
many of these concerns. Here, we use a food
reward-based discrimination procedure with minimal
stress in C57B1/6] male mice at 6, 21, and 27 months
of age, followed by a reversal task to assess behav-
ioral flexibility. Importantly, the procedures mini-
mize issues related to between-experimenter con-
founds and are conducted during both the dark and
light phases of the light dark cycle in a home-cage
setting. During cognitive testing, we were able to
assess multiple measures of spontaneous movement
and diurnal activity in young and aged mice includ-
ing, distance moved, velocity, and acceleration over
a 90-h period. Both initial discrimination and rever-
sal learning significantly decreased with age and,
similar to rats and humans, not all old mice demon-
strated impairments in learning with age. These re-
sults permitted classification of animals based on
their cognitive status. Analysis of movement param-
eters indicated decreases in distance moved as well
as velocity and acceleration with increasing age.
Based on these data, we developed preliminary
models indicating, as in humans, a close relationship
exists between age-related movement parameters
and cognitive ability. Our results provide a reliable
method for assessing cognitive performance with
minimal stress and simultaneously provide key in-
formation on movement and diurnal activity. These
methods represent a novel approach to developing
non-invasive healthspan measures in rodent models
that allow standardization across laboratories.
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Introduction

Cognitive decline is a common complication of aging that
is manifest, in part, as a decline in processing speed,
inductive reasoning, and spatial learning and memory
(Hedden and Gabrieli 2004). In humans, impairment of
these functions diminishes healthspan and independence.
More than half of the otherwise healthy population over
age 60 are affected by impairments in spatial learning and
memory, which increases with age and with common
conditions such as type 2 diabetes, hypertension, and heart
disease (Dahle et al. 2009; Okonkwo et al. 2010a, b; Qiu
et al. 2005). Although the specific mechanisms of cogni-
tive decline with age have not been established, studies in
animal models play a critical role in identifying the molec-
ular and cellular basis for these changes and ultimately
developing appropriate interventions.

Murine models have been a particularly important
part of translational approaches to study the general
mechanisms of aging and specifically have been well
suited in assessing the biological basis of interventions
that modulate lifespan (Barzilai et al. 2012; Harrison
et al. 2014; Zhu et al. 2015, 2016). Nevertheless,
lifespan is only one component of aging and it has
become apparent that a reliable assessment of
healthspan will be essential in order to evaluate inter-
ventions that are effective in humans. Unfortunately, the
concept of mammalian heathspan is not well defined
and, in rodents, may involve highly invasive and/or
terminal studies. Measures to date have included assess-
ment of age-related changes in physical function, pa-
thology, metabolism, inflammation, and response to
various metabolic and physiological challenges
(Ashpole et al. 2017; Giblin et al. 2014; Richardson
et al. 2016). These measures and concepts are closely
related to resilience (the ability of an organism to re-
spond to physical challenges/stresses and return to ho-
meostasis) and frailty (the decline in function with age)
(Bergman et al. 2007; Fried et al. 2001; Schorr et al.
2018; Huffman et al. 2016; Beauchet et al. 2017; Kim
et al. 2017). Unfortunately, cognitive function is not
routinely addressed or incorporated into these measures
and critical questions related to the interaction of
“healthspan measures” with cognitive function remain
unanswered. In addition, it is not clear whether
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interventions that are known to influence lifespan have
effects on learning and memory. Part of the challenge
and controversy in resolving these issues is that there is
no rigorous standardization of tests of learning and
memory and many of the tests that are routinely used
are subject to misinterpretation, confounding, and/or
unintended bias. As a result, comparing the results of
cognitive tests across laboratories is particularly diffi-
cult. Finally, as a result of the interventional nature of the
testing and stress associated with the commonly used
cognitive assays, they are not appropriate for longitudi-
nal studies (Gulinello et al. 2018; Arakawa and Iguchi
2018; Tanila 2017; Hanell and Marklund 2014).

Part of the difficulty with current testing protocols
that are available to assess learning and memory with
age is that physical, metabolic, and emotional stress are
routinely introduced to motivate the behavior of the
animal. Although necessary in many cases, confounding
variables are present that have the potential to distort the
experimental results, especially when comparing ani-
mals of different ages. For example, mild caloric restric-
tion (e.g., 10%) is routinely used to increase motivation
for a food reward but results in metabolic stress and
decreases insulin levels (Forster and Lal 1999;
Soultoukis and Partridge 2016; Weindruch et al. 2001).
In addition, tests that require swimming or performance
in novel or open field environments increase glucocor-
ticoid levels (Forster and Lal 1999; Soultoukis and
Partridge 2016; Weindruch et al. 2001). Finally, the vast
majority of analyses are conducted during the light
phase of the light/dark cycle when the animal is normal-
ly asleep, altering the diurnal rhythm of the animal.
Disturbances in sleep have been shown to adversely
affect cognitive performance in both human and animal
models (Maire et al. 2018; McCoy and Strecker 2011).
Thus, there are numerous caveats in analysis of age-
related changes in learning and memory that potentially
compromise the results of experimental studies and
create difficulty in standardization of testing between
laboratories. Similar issues have been raised for mea-
sures of healthspan (Mandillo et al. 2008). The advance-
ment of our understanding of the etiology and treatment
of age-related cognitive dysfunction in general and its
relationship to an overall measure of healthspan requires
resolution of these issues.

In human studies, the simple measure of walking
speed has emerged as one of the most reliable endpoints
that is closely associated with physical performance,
disability (Ko et al. 2018), and cognitive decline (Suire
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etal. 2017; Rosso etal. 2017). Despite the importance of
walking speed and related measures as a predictor of
aging and age-related disease, the physiological basis
for this relationship has not been established. Important-
ly, there are no established measures of spontaneous
movement in rodent models. The absence of preclinical
information on spontaneous movements and the rela-
tionship of these metrics to cognitive function has hin-
dered our ability to develop markers that could (a) form
the initial basis of a reliable healthspan measure in
rodent models, (b) be used to assess the relationship to
cognitive function, and (c) assess the efficacy of inter-
ventions that influence lifespan.

In this study, we propose a methodology that allows
investigators to measure movement parameters and cir-
cadian activity along with cognitive function in mice in
a home-cage environment with minimal stress. These
tests were developed based on previous literature using
observation and analyses of mouse behavior in automat-
ed home cages and adopt measures that have been
validated in numerous mouse strains with or without
neurological deficits (Kramvis et al. 2013; Destici et al.
2013; Remmelink et al. 2016; Remmelink et al. 2015;
Dooves et al. 2016). Nevertheless, there have been no
studies addressing the ability of this system to monitor
deficits in cognition with age. Importantly, the approach
used in this study minimizes the physical/emotional
stress from investigator handling and stress-based be-
havioral paradigms that has been an essential part of
behavioral testing of rodents. The analyses are conduct-
ed in the animal’s home cage, coordinated with the
natural circadian rhythm of the animal and use behav-
iors and motivation that are part of the animal’s normal
cognitive domain.

Methods
Animals

Male C57Bl/6]J (N=33 9-12/group) were obtained
from the National Institute on Aging colony at Jackson
Laboratories and housed (3—4 per cage) in the Rodent
Barrier Facility (RBF) at OUHSC, which is a specific
pathogen free facility. Sentinel mice were serologically
tested for evidence of exposure to the following at
monthly intervals: Sendai virus (SEND), pneumonia
virus of mice (PVM), mouse hepatitis virus (MHV),
minute virus of mice (MVM), Theiler’s murine

encephalomyelitis (TMEV), reovirus (REO), mycoplas-
ma pulmonis (MPUL), epizootic diarrhea of infant mice
(EDIM), mouse parvovirus (MPV-1, MPV-2), endo-
parasites, ecto-parasites, mycoplasma pulmonis
(MPUL), lymphocytic choriomeningitis (LCMV),
ectromelia (mousepox) (ECTRO), epizootic diarrhea
of infant mice (EDIM), mouse parvovirus (MPV-1,
MPV-2), polyoma virus (POLY), mouse adenovirus
FL/K87 (MAV 1 & 2), murine cytomegalovirus
(MCMYV), Encephalitozoon cuniculi (ECUN), cilia-
associated respiratory bacillus, (CARB), Helicobacter
spp., endo-parasites, ecto-parasites. Animals were main-
tained in Allentown XJ cages with Anderson’s Enrich-
o-cob bedding (Maumee, OH) on a 12-h light/12-h dark
cycle at 21 °C and were given access to standard irradi-
ated bacteria-free rodent chow (5053 Pico Lab, Purina
Mills, Richmond, IN) and reverse osmosis filtered water
ad libitum. All procedures were approved by, and
followed the guidelines of, the Institutional Animal Care
and Use Committee of OUHSC.

Only males were used in this initial analysis to avoid
the potential impact of variations in estrous cycles on
behavioral analyses. Two weeks prior to testing, animals
were transferred to a specific pathogen-free behavioral
testing room where they were housed under identical
conditions to the RBF except that the animal room was
maintained on a 12:12 L:D cycle (lights on at 6:00 h).
Forty-eight (48) hours prior to initiation of testing, ani-
mals were singly housed and fed dustless precision
rodent pellets (F05684, Bio-Serv, Flemington, NJ) for
habituation purposes as well as their regular diet. Water
was available ad libitum.

General methods

At the beginning of the study, animals were placed
individually in Ethovision PhenoTypers (Model 3000,
Noldus Information Technology, Netherlands) (Fig. 1)
for a 6-h adaptation period. The cages were transparent
plastic (L =30xW =30xH =35 cm) and bedding
was cellulose-free paper (Pure-o’Cel; The Andersons,
Maumee, OH). Beginning at 1600 h on day 1, the
activity of the animals was continuously recorded for
90 h. An infrared-sensitive video camera above the
arena recorded all movements using the X-Y coordi-
nates of the center of gravity of each animal. These data
were sampled at a rate of 15 frames per second (fps) and
smoothed using EthoVision software (EthoVision XT
11.5, Noldus Information Technology, Wageningen,
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Fig. 1 Depiction of the Ethovision Phenotyper used for analysis of
the effects of aging on spontaneous movement and cognitive func-
tion. The cages were transparent plastic (L =30xW =30xH =
35 cm) and bedding was made of cellulose free paper. Water was
available ad libitum and a shelter with nesting material was available
for sleeping. The activity of the animals was continuously recorded
for 90 h using EthoVision tracking software. An infrared-sensitive
video camera above the arena recorded all movements and data were
sampled at a rate of 15 fps and smoothed using EthoVision software.
Immediately prior to initiation of tracking, a pellet dispenser and a
CognitionWall were inserted into the PhenoTyper. The
CognitionWall has three entrances (left (L), middle (M), and right
(R)) placed in front of a food dispenser. During the initial discrim-
ination phase of the study, the animals were required to enter the
CognitionWall through the left entrance and were rewarded with a
food pellet using FR5 schedule. The criteria for success were 80%
and calculated based on the success rate of the trailing 30 entries.
After 48 h, the correct entrance was reversed to the right entrance
and the study terminated at 90 h. Data were uploaded to AHCODA-
DB (mousedata.sylics.com) for analysis and independently
validated using R

The Netherlands) as previously described (Maroteaux
etal. 2012; Loos et al. 2014). Information on the calcu-
lation of these measures is described in detail in previ-
ous publications (Maroteaux et al. 2012; Koopmans
et al. 2017; Loos et al. 2015). Immediately prior to
initiation of video tracking and activation of the task
protocol, a food pellet dispenser was connected and a
CognitionWall (Noldus Information Technology, Neth-
erlands) was placed into the PhenoTyper, consisting of
an insert with three entrances placed in front of the spout
of a food dispenser, as described in detail in previous
publications (Remmelink et al. 2016; Aarts et al. 2015).
Body weights were taken at the beginning and at the end
of the study. Four (4) Ethovision cages were available
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for analysis, requiring nine runs to test all 33 mice.
Animals of each age group were randomized to each
of the nine runs. The experimental protocol within the
PhenoTyper cage as well as data analysis was fully
automated and hence blinded to the investigator.

Movement parameters

Movement parameters were tracked and the data calcu-
lated for each of the 90 h of the study. The results were
summarized for the dark and light phases of the L:D
cycle. Analysis included distance traveled, maximum
velocity, maximum acceleration, and the number and
length of moving segments blocked at hourly intervals
throughout the light and dark cycles during the experi-
mental period. The calculation of these measures has
been described (Remmelink et al. 2016; Maroteaux et al.
2012; Koopmans et al. 2017).

Cognitive assessment

For the initial discrimination phase of the study, the
animal was required to pass through the leff entrance
of the CognitionWall to obtain a food rewards (Dustless
Precision Rodent Pellets, F05684, Bio-Serv,
Flemington, NJ), which were dispensed using a Fixed
Ratio (FR) 5 schedule. After 48 h of discrimination
learning, the task was modified and the correct response
was changed to the right entry requiring the animal to
extinguish the previous learning and acquire a new
response, again rewarded at an FRS schedule. Success
rates for both initial discrimination and reversal learning
were calculated post hoc and defined as the percentage
of correct entries of the trailing 30 entries through any of
the entrances of the CognitionWall. The percent of
animals in each age group reaching success rates of
70, 73, 77, 80, 83, 87, and 90% correct were calculated.
The following dependent variables to reach a specific
success rate were calculated for both initial discrimina-
tion and reversal learning: percent of animals reaching
criteria, entries to criteria, errors to criteria and time
(hours) to criteria.

Statistical analyses

Ethovision export files containing X-Y coordinates and
hardware input/output signals were initially uploaded to
a password protected arca of AHCODA-DB
(mousedata.sylics.com, (Koopmans et al. 2017)),
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independently verified for consistency and quality ac-
cording to pre-set criteria and processed to generate
behavioral parameters using AHCODA software
(Synaptologics BV, Amsterdam, The Netherlands).
AHCODA incorporates R scripts for generating graphs
and statistics, in particular for plotting survival curves of
learning performance and assessement of group differ-
ences using the Gp-weighted log-rank test for differ-
ences between two or more Kaplan—Meier survival
curves. Subsequently, data were downloaded from
AHCODA-DB, entered into an Excel spreadsheet, and
re-validated before further analysis. To incorporate sub-
ject level correlation, a generalized linear mixed model
was applied to compare the total distance moved, total
time spent moving, number of moving segments, and
acceleration among the different age groups. The
Kruskal-Wallis test was used to evaluate the differences
in time and number of entries for reaching criteria and
percent of activity in the dark between different age
groups. The differences in the percent of animals achiev-
ing the criteria for the initial discrimination and reversal
tasks were tested by Fisher’s exact test. Pairwise com-
parisons were used to compare differences between
initial and reversal discrimination in different age
groups and were conducted as paired sign tests. All
analyses were conducted using the Statistical Analysis
Software (SAS) statistical package (SAS, version 9.4,
Cary, NC, USA).

Results

Data from 33 mice were collected and uploaded to
AHCODA-DB. All files met initial quality criteria and
were included in the analyses. The initial discrimination
and reversal data from one 21-month-old animal was
subsequently eliminated since the animal showed a high
preference for one of the entrances and no learning in
the reversal. The data presented in this manuscript, as
well as additional behavioral data, are available online
through the public AHCODA-DB website
(public.sylics.com; Logan2018).

Movement data

Movement parameters were continuously tracked dur-
ing the study and a subset of these parameters are
detailed in Fig. 2 and summarized in Fig. 3 across the
light and dark periods. Clear differences were evident

between the light and dark cycles for all groups
(»p<0.001). Comparison of the ratio of total distance
moved during the dark phase compared to activity dur-
ing the dark and light phases indicated no differences in
diurnal activity between the groups (85.8 +2.11, 88.1
1.26 and 87.9+1.17% for 6-, 21-, and 27-month-old
animals, respectively). Total distance moved during the
light and dark phases of the L:D cycle decreased with
age (Fig. 3a). These differences were evident at 21 and
27 months of age compared to 6-month-old animals
during the light phase of the cycle (p <0.05) but did
not reach significance during the dark phase. Similar
changes were found with time spent moving and num-
ber of moving segments (Fig. 3b, ¢). Segment velocity
measures were similar between 6- and 21-month-old
animals but decreased at 27 months compared to
21 months of age (p < 0.05, data not shown). Similarly,
maximum acceleration (Fig. 3d) was reduced at
27 months of age compared to either the 6- or 21-
month groups (p <0.05).

Cognitive function

Cognitive function was evaluated using a food reward-
based spatial memory task that was divided into two
learning phases: (1) initial discrimination learning dur-
ing the first 45-h block and (2) reversal learning during
the second 45 h block. Performance during the initial
discrimination learning was evaluated by calculating the
number of animals of each age group that were capable
of reaching a success rate of 70-90% correct entries
based on the trailing 30 entries through any of the
entrances of the CognitionWall. All animals were able
to reach a 73% success rate (Fig. 4). However, the
percentage of 21- and 27-month-old animals reaching
higher success rates of 77 and 80% was modestly re-
duced (p=0.27, ns). The percentage of 21- and 27-
month-old animals reaching success rates above 80%
was substantially decreased and was consistently less
than the 6-month-old animals. The survival plot for
entries required to reach the 80% success rate, a criterion
used in previous publications, during the initial discrim-
ination is shown in Fig. Sa.

During the reversal learning phase of the task, 78% of
6-month-old animals were able to complete the task but
the success rate for 21- and 27-month-old animals was
reduced to 40 and 38%, respectively, (p < 0.01 each). Of
those animals that were able to successfully perform the
reversal task (Fig. 6), young animals extinguished the
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Fig. 2 Data derived from tracking animal movements during the
90 h experimental period. Analyses included a total distance
moved, b time spent moving, ¢ number of moving segments,
and d acceleration. Data are averaged over hourly intervals during

previous learning and acquired the new entry position
relatively quickly (within 1500 entries). Older animals
(21- and 27-month-old animals) required additional en-
tries to each criteria (3000 entries for old and 3500
entries for middle). Of those animals that were able to
successfully perform the reversal task (Fig. 5b), young
animals extinguished the previous learning and acquired
the new entry position relatively quickly (70% within
1500 entries). Older animals (21- and 27-month-old
animals) required additional entries to each criteria (>
3000 entries to approximately 40% of the animals in
each group).

The number of incorrect entries (errors) to reach
criteria is shown in Fig. 6. During initial discrimi-
nation, the number of incorrect entries tended to
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increase with age but these differences failed to
reach significance (p <0.07). During the reversal,
the 21-month-old animals that were able to complete
the task exhibited an increase in number of errors
compared to the 6-month-old group (p <0.02). Al-
though only 42% of 27-month-old animals were able
to complete the reversal task, there was a tendency
for a reduced number of errors in those animals.
This result was potentially the consequence of ex-
cluding animals in this age group that were not able
to complete the task and/or differences in the degree
of learning (and ease of extinction) that occurred
during the initial discrimination.

The data for the number of entries to reach 80%
criteria are detailed further in Fig. 7. In this figure,
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the values for individual animals are detailed. At
6 months of age, the data for initial discrimination
is largely homogeneous but by 21 months of age,
two groups become evident and these differences are
magnified by 27 months of age. The 21- and 27-
month-old animals with poorer performance in the
initial discrimination task were not capable of
reaching criteria and therefore in the reversal task
and are not shown in this figure. These data indicate
that both 21- and 27-month-old cohorts are com-
posed of a heterogencous group of animals; those
that have performance similar to young animals; and
those that exhibit an impaired performance com-
pared to young animals. To our knowledge, this is
the first cognitive assay that separates mice into
subgroups based on their cognitive performance.

w

650
600
550
500 -
450 A
400
350 A
300 -
250 A
200
150 A
100 A
50 A

[V

=1 21 month

:I- 6 month
@ 27 month

Time spent moving (seconds)

3

Light

Dark

@ 6 month
650 1 &= 21 month

*
*
600 - gmmm 27 month
550 -
500 -
450 -

400 -
350 A
300 -
250
200
150 A
100 A

Number of moving segments ()

(42
o o
—

3

Dark

Light

distance moved, b total time spent moving (seconds), ¢ number of
moving segments, and d acceleration (cm/s®). Data represent
mean + SEM for 9-11 animals/age group. *p <0.05

Food intake and body weight

Immediately prior to the initiation of the study, body
weights in 21- and 27-month-old animals were
greater than 6-month-old animals (p <0.05). Both
21- and 27-month-old animals exhibited a modest
reduction in body weight compared to 6-month-old
animals by the end of the study (p <0.05, Table 1).
Comparison of the number of pellets consumed dur-
ing the experiment indicated an increased number of
food rewards in 21- and 27-month-old animals dur-
ing the initial discrimination phase of the study
followed by a reduction during the reversal phase
of the study. The total number of pellets dispensed
over the testing period was not different between
groups (data not shown). Correlational analyses
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responses but the percent of 21- and 27-month-old animals
reaching higher success rates is reduced. At a success rate of
83%, differences were evident between 6 and 21 and 27-month-
old animals (*p <0.05). The 80% success rate was chosen for all
subsequent comparisons, as in previous publications

indicated that there were no significant associations
between change in body weight and number or
errors or hours to criteria during the initial discrim-
ination or the reversal tasks.
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differences between two or more Kaplan—Meier survival curves
indicates that the cohort of 21- and 27-month-old animals requires
more entries to reach the 80% success rate compared with the 6-
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Relationship between movement parameters
and cognitive function

To assess the possible relationship between move-
ment parameters and their ability to predict cogni-
tive status, we initially calculated the correlations
between movement parameters to assess the rela-
tionship between individual movement parameters
in the study. Although results indicated significant
correlations between a number of these variables
(identified in Table 2), the correlation coefficient of
some pairwise comparisons indicated that several
movement parameters detected differ aspects of
movement.

To probe the potential relationship between learn-
ing and movement parameters, we classified animals
by their cognitive status as either “Intact” or
“Impaired” based on their performance during the
initial discrimination phase of the study. A threshold
of 1000 entries to reach 80% criteria was used since
90% of the 6-month-old animals were successful
(see Fig. 5a). All animals at or below this threshold
were classified as “intact” and animals above this
threshold were classified as “Impaired.” We then
used univariate logistic regression analysis to assess
the relationship between each movement parameter
and cognitive status. The results of this analysis are

=

(=

o
L

— 6 month (n=9)
- 21 month (n=11)
— 27 month (n=13)

% of mice that reached criterion W
[<2]
o

T T T T T T T T T
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month-old animals, whereas there was no statistically significant
difference between 21- and 27-month animals. b Entries required
to reach 80% success rate for each age group during the reversal
phase of the study. Data indicate that the cohort of 21- and 27-
month-old animals is severely impaired in this task and less than
35% of animals were successful compared to 75% for 6-month-old
animals
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Fig. 6 Number of errors (incorrect entries) to reach 80%
during the initial discrimination (a) and the reversal (b) phases
of the task. Incorrect entries tended to increase with age in the
initial discrimination phase. During the reversal, the number of
errors increased at 21 months and then declined at 27 months

expressed as the “Odds Ratio” and corresponding
p values are shown in Table 3. Finally, stepwise
model selection using a multivariate logistic model
was used to build a model to predict cognitive
function from movement parameters (Table 4). Al-
though the model did not reach statistical signifi-
cance, values for 21- and 27-month-old animals
were p =0.06 and p =0.08, respectively.
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Fig.7 Entries required to reach 80% success rate for each age
group during the initial discrimination (a) and reversal (b)
phases of the study. Each point represents the number of
entries required for an individual animal to reach the 80%
success rate. Note that 21- and 27-month-old animals separate
into two groups—those with performance similar to young
animals and those with performance that is impaired
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of age. Further analysis indicated that the decline in errors at
27 months of age was due to a reduction in the number of old
animals that reached criteria and therefore are not included in
the group (refer to Fig. 7)

Discussion

In this study, we report a novel method for assessing
learning and memory in murine models of aging and
assess the relationship of these measures to spontaneous
movement parameters. These tests alleviate many of the
on-going concerns with behavioral testing and simulta-
neously provide new endpoints that are relevant to
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compared to young animals. All of the impaired animals
identified during the initial discrimination phase of the study
at 27 months of age were not able to reach the 80% criteria in
the reversal phase of the study. Mice that did not reach
criteria are identified in the graph with arbitrary values above
5000 entries (separated by the dashed line)
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Table 1 Pre- and post-body weights and pellets dispensed in 6-, 21-, and 27-month-old animals

Group Pre-weight Post-weight A weight Total pellets
(@ () (%) dispensed

6 months 29.6 £ 0.6* 299 £0.6 0.92 +0.37* 520 + 56

21 months 33.3+0.8 31.7+0.9 —-4.16+1.24 519 £ 46

27 months 333+1.2 31.6 +0.9 —445+1.63 529 +38

*Significantly different compared to 21 or 27 months (p <0.05)

measures in human subjects that are associated with
physical performance, disability, and cognitive decline.
The analysis of spontaneous movement parameters in
our animal models revealed decreases in distance
moved, velocity, and acceleration with increasing age.
Importantly, these analyses could be separated into the
light and dark phases of the L:D cycle permitting anal-
ysis of the animal’s circadian activity. Simultaneous
assessment of cognitive function, specifically spatial
discrimination under an FR5 schedule of reinforcement,
demonstrated significant decreases with age in both the
initial discrimination and reversal components of the
task. Similar to data from human and rat studies
(Freeman et al. 2009; Foster et al. 2012), not all aging
mice demonstrated impairments in acquisition, which
allowed the animals to be classified by their cognitive
status. Weight loss was minimal during the procedure,
was similar across groups, and was not associated with
cognitive performance. Our results indicate that analysis

of'age-related changes in movement and cognitive func-
tion can be conducted simultaneously without the addi-
tion of major physical or emotional stresses. The mea-
sures detailed here represent a novel and initial approach
to developing a comprehensive non-invasive,
healthspan assessment in rodent models that includes
cognitive function and provide the opportunity to pro-
vide a standardized analysis between different
laboratories.

Assessment of learning and memory is one of the
most important aspects of healthspan analysis but the
tests that are available have a high degree of variability
between laboratories and are subject to unintended bias.
It is well recognized that Object recognition and Y maze
performance, commonly used as tests of age-related
cognitive decline, may be confounded by sensory and
motivational differences between the age groups (Gerlai
2001). In addition, these tests may not have the power to
detect early age-related differences between groups.

Table 2 Pairwise correlation matrix for movement variables (Spearman’s rank correlation coefficient: » (p value))

Variable Distance Time Average Size of moving  #ofmoving = Max Segment
moved moving distance/ segment segments acceleration  velocity
moving segment
Distance moved 1 0.87 0.58 0.30 0.55 0.26 0.61
(<0.01%)  (<0.01%) 0.09) (<0.01%) (0.15) (<0.01%)
Time moving - 1 0.23 0.13 0.71 0.23 0.32
0.21) 0.49) (<0.01%) 0.20) 0.07)
Average distance/ - - 1 0.79 -0.20 —-0.12 0.65
moving segment (<0.01%) (0.28) (0.50) (<0.01%)
Size of moving segment ~ — - - 1 -0.44 -043 0.15
(<0.01%) (<0.01%) 0.41)
# of moving segments - - - - 1 0.44 0.20
(<0.01%) 0.27)
Max acceleration - - - - - 1 0.17
(0.35)

Segment velocity - - -

- - - 1
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Table 3 Ability of individual movement parameters to predict
cognitive status (univariate regression analysis)

Variable Odds ratios (95% CI) p value
Distance moved 1.00 (1.00-1.00) 0.70
Time moving 1.00 (1.00-1.00) 0.46
Average distance/ 0.80 (0.58-1.09) 0.16
moving segment
Size of moving segment 0.06 (<0.01-5.90) 0.23
# of moving segments 1.01 (0.99-1.03) 0.32
Max acceleration 1.08 (0.96-1.20) 0.20
Segment velocity 0.89 (0.52-1.51) 0.65

Fear conditioning and water-based tests have attempted
to standardize motivational components but differences
in physical, emotional, and/or metabolic stress remain
unknown. The concern is that young and old animals
may respond differently to these stresses and therefore
the testing paradigm has the potential to confound re-
sults of cellular/molecular studies that occur subsequent
to the behavioral task. In the present study, the motiva-
tion for the discrimination task was an appetitive stim-
ulus and all animals appeared to be motivated to a
consistent level as noted by their ability to perform the
task during the initial discrimination phase of the study.
Notably animals in the different age groups received an
equal number of food pellets during the study. Although
all behavioral tests introduce some element of con-
founding (e.g., loss of body weight, stress), the cognitive

Table 4 Ability of movement parameters to predict cognitive
status (stepwise regression analysis)

Variable Odds ratios p value
(95% CI)

Group
6 months 1.00
21 months 53.75 (0.79—>999) 0.06
27 months 192.55 (0.56—>999) 0.08
Distance moved 1.00 (1.00-1.00) 0.70
Time moving 1.00 (1.00-1.00) 0.96
Average distance/ 0.08 (0.001-4.55) 0.22

moving segment

Size of moving segment  >999 (<0.001->999)  0.21

# of moving segments 1.05 (0.92-1.20) 0.48
Max acceleration 1.08 (0.88-1.32) 0.48
Segment velocity 45.77 (0.23—>999) 0.16

tests conducted here resulted in no significant differ-
ences in mean body weight between groups during the
90 h of testing. Nevertheless, we found that some ani-
mals exhibited a decrease in body weight that appeared
to be the result of differences in the reversal phase of the
study. However, the majority of animals, regardless of
age, were able to reach the 80% criteria during the initial
discrimination phase of the test and there was not a
significant correlation between cognitive performance
and weight loss. The results of these studies indicate that
learning and memory can be assessed in animals of
different ages with minimal disturbance of body weight.

Of particular importance in this study was the obser-
vation that 21-month-old animals began to separate into
two groups with different levels of performance in the
initial discrimination phase of the study. At 27 months
of age, the performance was more heterogeneous and
animals could clearly be separated based on their per-
formance. Although the present study was designed as a
cross-sectional analysis of performance, it will be im-
portant to develop the procedures to follow the animals
with the poorer performance beginning at 21 months of
age using a longitudinal approach and determine wheth-
er this was associated with lifespan. Previous studies of
lifespan analysis for C57Bl/6 mice in our laboratory
indicate that greater than 95% of animals survive at
21 months of age but by 27 months, this is reduced to
76%. Thus, it remains to be determined whether the
cognitive tests used here could be part of a more com-
prehensive healthspan analysis.

In elderly humans, spontaneous walking speed is
an important clinical measure closely associated
with physical performance, disability, and cognitive
decline (Watson et al. 2010; Mielke et al. 2013).
Although walking speed is a clinically relevant mea-
sure of healthspan in humans, similar measures in
preclinical rodent models have not been assessed
and those tests that are available for gait analysis
(e.g., Treadscan, Cat-walk analysis) assess coordina-
tion or, in some cases, maximum running speed
(e.g., Treadmill analysis) rather than spontancous
activity. Other tests include balance and coordina-
tion (e.g., rotorod), exercise endurance (running dur-
ing on a treadmill) and muscle function (e.g., grip
strength, latency to fall from a wire or inclined
plane). In addition to these relatively non-invasive
measures of healthspan, several tests include more
invasive measures including blood measures (e.g.,
insulin, glucose) as well as cardiac, kidney and
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immune function. Each of the latter endpoints are
highly invasive and to date there is no healthspan
panel in rodents that has been validated to predict
disability, disease or lifespan. In addition, tests of
cognitive function are an important component of
overall healthspan but, as noted previously, their
relationship to lifespan has not been assessed. As a
result, there are no reliable measures of healthspan
that can be used to assess the effectiveness of inter-
ventions that modulate lifespan. In the past several
years, there have numerous interventions that have
been demonstrated to increase lifespan (e.g.,
rapamycin (Harrison et al. 2014), metformin
(Martin-Montalvo et al. 2013), senolytics (Baker
et al. 2011)). Nevertheless, the absence of a compre-
hensive non-invasive healthspan panel for preclini-
cal models that is reliable and reproducible impairs
our ability to determine the efficacy of the interven-
tions that module aging.

Despite the fact that none of the movement pa-
rameters alone were found to be significantly asso-
ciated with cognitive status using univariate regres-
sion analysis, some measures appeared to be stron-
ger predictors of cognitive status (e.g., average
distance/moving segment, max acceleration, size of
moving segment) than others. Development of addi-
tional measures of spontaneous activity or refine-
ment of these measures may prove to be beneficial.
We expected that a combination of these measures
may be more effective in predicting cognitive status
and stepwise regression using a logistic model
approached statistical significance. Based on the
number of animals and the variance of the data,
our study was underpowered but it does appear that
a relationship between movement parameters and
cognitive function has the potential to be devel-
oped—similar to that in humans.

Although the concept of healthspan in both hu-
man subjects and animal models continues to be
vague and ill defined, it is likely that none of the
measures presented in this study alone are sufficient
to develop a comprehensive measure that could
evolve into a measure of healthspan. Nevertheless,
a combination of cognitive ability, cognitive flexi-
bility and spontaneous movement parameters would
appear to be some of the most promising variables
that have the potential to support the development of
a healthspan index. Importantly, these measures are
non-invasive, are amenable to longitudinal analysis

@ Springer

and are similar to what has been reported in humans.
While we have not assessed the level of stress in
these mice, handling mice alone is sufficient to
increase corticosterone levels that confounds both
metabolic measurements (Ayala et al. 2006, 2010)
as well as induce sleep disruptions (Longordo et al.
2011). Based on these previous studies, our meth-
odology utilizes a relatively stress-free home-cage
environment with minimal handling. Nevertheless, it
will be critical to determine whether these measures
can predict lifespan using longitudinal analyses,
larger cohorts and multiple strains of animals. The
non-invasive and automated approach presented
here will likely be invaluable in developing mea-
sures to assess the efficacy of interventions that
modify both healthspan and lifespan.

We have previously published related cohorts of
young and aged mice in the water maze (Logan
et al. 2018; VanGuilder Starkey et al. 2013;
VanGuilder et al. 2011) as well as other cohorts of
aging models (Ashpole et al. 2017). The data pre-
sented here represent the initial methodology for the
simultaneous assessment of movement, cognitive
function and circadian activity in murine models of
aging that could form the foundation of a compre-
hensive healthspan analysis. Importantly, we have
shown that we are able to distinguish between cog-
nitively intact and impaired aged animals using the
non-invasive methodology in this manuscript as we
have in previously published cohorts using the water
maze (VanGuilder Starkey et al. 2013; VanGuilder
et al. 2011). The analyses that we have conducted to
date are not comprehensive and additional measures
will need to be added and validated. Importantly,
whether these measures predict disease, disability
and/or lifespan in normal models of aging and in
response to the numerous lifespan-extending inter-
ventions requires further validation. In the present
study, the number of animals used, although suffi-
cient to detect age-related changes in individual
measures, was not sufficient to detect a strong rela-
tionship between age-related changes in cognitive
status and movement parameters. Nevertheless, there
was a clear trend with this analysis. The approach
we have initiated here controls several factors that
routinely bias healthspan analyses including testing
during the light phase of the L:D cycle, differences
in handling of animals and differential motivation
for performance of the tasks. We expect that the
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approach presented here may present an opportunity
for reliable comparisons between laboratories and
potentially evolve into a comprehensive healthspan
analysis for mice.
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