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Abstract

Aging is associated with functional and metabolic decline and is a risk factor for all noncommunicable diseases. Even though mice are routinely
used for modeling human aging and aging-related conditions, no comprehensive assessment to date has been conducted on normative mouse aging.
To address this gap, the Study of Longitudinal Aging in Mice (SLAM) was designed and implemented by the National Institute on Aging (NIA/
NIH) as the mouse counterpart to the Baltimore Longitudinal Study of Aging (BLSA). In this manuscript, we describe the premise, study design,
methodologies, and technologies currently employed in SLAM. We also discuss current and future study directions. In this large population mouse
study, inbred C57BL/6] and outbred UM-HET3 mice of both sexes are longitudinally evaluated for functional, phenotypic, and biological health,
and collection of biospecimens is conducted throughout their life span. Within the longitudinal cohorts, a cross-sectional arm of the study has
also been implemented for the well-controlled collection of tissues to generate a biorepository. SLAM and studies stemming from SLAM seek to
identify and characterize phenotypic and biological predictors of mouse aging and age-associated conditions, examine the degrees of functional
and biomolecular variability that occur within inbred and genetically heterogeneous mouse populations with age, and assess whether these changes
are consistent with alterations observed in human aging in BLSA. The findings from these studies will be critical for evaluating the utility of mouse
models for studying different aspects of aging, both in terms of interpreting prior findings and designing and implementing future studies.

Keywords: Aging, Biomarkers, Longitudinal, Mice, Preclinical

Rationale for Study Inception in the burden of age-related diseases (1). Recent studies indicate
that life-span extension in the absence of improvements in quality
of life and health is counterproductive (2). To tackle this issue, the

Increasing human life exPectanCy is leading to an unprecedented World Health Organization (WHO) released the “Global strategy
growth of elderly populations around the globe. As people world-

Aging as a Global Public Health Problem

) o ) ) ! and action plan on ageing and health” in 20135, in which 3 strategic
wide are living longer, there is an associated exponential growth objectives were put forth and aimed at achieving healthy aging for
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all (3). A thorough understanding of the aging process at the or-
ganism, organ, and cellular levels is required in order to achieve
this goal (4). Aging itself is characterized by the accumulation
of unrepaired damage at the cellular level that leads to a decline
in cognitive, physical, and organismal functions, and increased
burden of diseases that will ultimately cause death (5). Aging is also
associated with progressive comorbidities such as frailty (6) and
reduced gait speed (7) that play an important role in age-related
functional decline in older adults. Targeting molecular pathways
associated with aging has, therefore, been proposed as an effective
strategy to prevent and treat chronic conditions (8) and has been
the principle behind the larger research framework established
based on the geroscience hypothesis (9). However, the successful
clinical translation of interventions targeting aging is directly de-
pendent on having a comprehensive understanding of the norma-
tive aging process (10).

Longitudinal Studies on Aging in Humans

Given the gradual loss of optimal physiological and biological func-
tions with advancing age, emphasis has been placed on studying nor-
mative aging in nondiseased individuals (11). Longitudinal studies of
aging collect a plethora of health measures throughout the life span
of the same individuals (12). Data generated from these studies help
identify trajectories associated with aging (functional, phenotypic,
and biological metrics of aging) in a given population, leading to a
greater understanding of the link between aging and age-associated
chronic diseases (13,14). Given the high heterogeneity seen within
human populations, cross-sectional sampling cannot accurately cap-
ture the variations that occur in different parameters throughout
life. There are multiple ongoing human longitudinal aging studies
that carry specific strengths and limitations (15). Amongst these, the
Baltimore Longitudinal Study of Aging (BLSA) is one of the world’s
oldest studies on healthy normative aging in humans (16). Since its
inception by Dr. Nathan Shock in 1958, BLSA has provided valuable
insight on age-associated metabolic dysfunction (17) and hemato-
logical changes (18), as well as declines in gait speed (19) and cog-
nition (20). Furthermore, an extensive repository of longitudinally
collected biological samples such as blood and urine allow further
assessment of gradual changes associated with the aging process. In
addition to providing numerous assessments of individual pheno-
types, the measurement of multiple metrics has allowed the identifi-
cation of biomarker signatures associated with aging (21,22). Such
predictors can potentially help better define aging and outcomes
associated with aging (23,24), and will allow researchers to study
aging over a shorter time frame, rather than the entire life span
where mortality is the primary endpoint.

Life expectancy at birth in the United States is about 74-86 years
for males and 80-89 years for females (25), making it extremely chal-
lenging to assess the entire human life course for research purposes.
In addition to being lengthy, financially cumbersome, and resource
intensive, human aging studies also have major limitations related
to restricted biological sampling and complications involved with
intervention testing. Because of these issues, animals have been used
as models of human aging and disease. Current ongoing longitudinal
aging and intervention studies in nonhuman primates have shed light
on important aspects of primate aging biology (26). On the other
hand, mice have a shorter generation time (~5-7 weeks from birth to
reproductive age), a relatively short life span (~2.5-3 years), and are
convenient to handle and house, which have made them an attractive
mammalian model organism in aging research (27,28).

The Need for Longitudinal Aging Studies in Mice

Research using mouse models has greatly contributed to the pro-
gress made on understanding human diseases (29,30). Within aging
research, mice have been used to identify and characterize some of
the key drivers of health and survival, and have served as a preclin-
ical model to test life-span-extending compounds in various studies,
including the NIA-sponsored Interventions Testing Program (ITP)
(31-33). However, recent work has demonstrated that genetic het-
erogeneity, as well as other factors like sex and age of administration,
can dramatically impact the effectiveness of antiaging interventions,
including caloric restriction (CR) (34). Furthermore, most of the
proposed metrics of aging originated from cross-sectional studies
and are based on associations with chronological age that often fail
to accurately predict mortality. Thus, a true model of functional or
phenotypic normative aging domains is lacking, highlighting the
need to prioritize these types of studies within preclinical models of
geroscience research (35). Additionally, the ITP has recently dem-
onstrated that even when considerable care is taken to standardize
conditions across study sites, including husbandry, diet, and mouse
strain, variability in life span between test sites remains (36). Aging
is a dynamic process that occurs gradually over time with the rate of
aging changing at specific times of the life span. Yet, in mice chrono-
logical, normative aging is still poorly characterized and understood.
Although power calculations are necessary and standard practice for
preclinical and clinical studies, large comprehensive resources for
such calculations in mouse aging studies are currently inadequate
and rely on many assumptions (37). The inherent biological differ-
ences between mice and humans are an important consideration for
any research utilizing mouse models. However, the use of mice as
reliable models of human aging has been greatly hindered by the lack
of a comprehensive analysis of normal aging across sex and strains
(38,39). Therein, translationally relevant preclinical biomarkers
have been identified as a key area of investigation for the develop-
ment of successful antiaging therapeutics (40). Although similarities
in core biological processes between mice and humans are widely ac-
cepted (41), key differences can lead to limited clinical success (42).
In general, studies of aging and disease in mice and other model or-
ganisms presume a degree of consistency between different species.
While most studies of specific diseases are preceded by a thorough
assessment of the suitability of mice for a given study, this type of
vigorous characterization of aging in mice has been lacking.

A comprehensive assessment of normative aging in the mouse is
needed in order to fill a gap in knowledge regarding the strengths
and limitations of mice as a preclinical research tool for the study
of the aging process. Therefore, the Study of Longitudinal Aging in
Mice (SLAM) was implemented in order to collect repeated meas-
ures on functional, phenotypic, and biological changes over time,
and to identify biomarkers that predict morbidity and mortality
across 2 different strains of mice of both sexes (Figure 1). One of the
primary goals of the SLAM study is to determine whether the tra-
jectories of change driving the aging phenotypes in mice differ from
those in humans in BLSA, and to identify factors that are reliable
predictors and/or drivers of aging across species. These characteriza-
tions will allow a better understanding of how to best utilize mice as
a robust preclinical tool for human aging and age-related diseases.
The added advantage of SLAM and BLSA both being conducted at
the same site uniquely positions the NIA IRP to effectively execute
this translational gerontology study to its full capacity. In the fol-
lowing sections, we describe the study design (strains, diet, timeline,
and type of measurements), and implementation strategy (methods,
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biorepository/database setup, and data analysis) currently employed
in SLAM, as well as discussing its future directions.

Study Description

Animals and Diet

Two strains of mice—C57BL/6] and HET3—of both sexes were
chosen for the study. Both an inbred and an outbred strain were
employed in order to account for genetic heterogeneity as well as
strain-specific pathologies. Inbred mice have long been preferred
over outbred animals due to the assumption that they may present
less phenotypic variability (43), although this notion has been de-
bated (44). C57BL/6] mice are one of the most commonly used
strains in biomedical research and their inclusion within SLAM
will allow comparison to previous and parallel studies that pro-
vide an incredible wealth of information on how dietary alterations,
genetic modifications, and other interventions impact aging and
age-related diseases. However, as prior work has clearly demon-
strated the important role that genetic heterogeneity can have on
aging and antiaging interventions (34,45), this study also includes
parallel cohorts of HET-3 mice, the same strain of mice used in the
ITP. By using both strains, we will be able to directly assess the rela-
tive importance of genetic heterogeneity versus further variability
caused by epigenetic or environmental differences in driving normal
aging. Sex-specific differences in aging phenotypes have been noted
in previous studies (46), where males and females show differences
in behavior and health span, as well as in mortality patterns (47,48).
SLAM will allow to comprehensively examine aging in both strains
and sexes, leading to an unparalleled understanding of the changes
that constitute normal aging in mice, and how these vary between
different groups of animals.

Mice were purchased from The Jackson Laboratory (Bar Harbor,
ME) at 8 weeks of age. At The Jackson Laboratory, mice consume
LabDiet which consists of 22% protein, 17% fat, and 61% carbo-
hydrates. To account for logistical considerations, shipments were
divided into different cohorts of 200 mice each, spaced 3 months
apart. Currently, 2800 mice (700 mice per sex and strain) have been
enrolled into the study. Upon enrollment, mice are acclimatized
for 1 month at the NIA Biomedical Research Center (Baltimore,
MD) during which time they are fed a standard chow diet (Envigo
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Figure 1. Identification and characterization of longitudinal aging biomarkers
in mice.

2018SX; Envigo, Indianapolis, IN), which contains approximately
24% protein, 18% fat, and 58% carbohydrate. To conform with
ITP studies, at 3 months of age, mice are switched to the open
source NIH-31 diet consisting of 24% protein, 14% fat, and 62%
carbohydrate (3.0 kcal/g [Envigo]). All procedures are conducted as
per guidelines established by the Animal Care and Use Committee
(ACUC) of the NIA IRP under protocol number TGB-458-2021.

Timeline of the Study and Longitudinal/
Cross-sectional Measurements

Conveniently and noninvasively obtained functional, phenotypic,
demographic, and biological biomarkers of aging can provide a
proxy for health and survival (49). While such markers have been
previously examined in humans, very limited measurements have
been performed in mice (50). In SLAM, measurement and sam-
pling are conducted primarily in a longitudinal manner with a
cross-sectional arm included for tissue collection. Measurements
are collected from 3 months until 30-36 months of age at prede-
fined intervals as per previously established protocols (Figure 2)
(51). Longitudinal testing conducted in SLAM includes for all ani-
mals, assessment of body weight, food consumption, and body
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Figure 2. Study design for SLAM and corresponding measurements
performed in BLSA. (A) Schematic representation of the longitudinal
measurements performed in SLAM and the frequency of testing. *The
frequency of these tests was increased after 15 months of age. ASelected
animals only. (B) Schematic representation of the BLSA equivalents to
measurements performed in SLAM and the frequency with which these were
performed. (C) Schematic representation of the timing and measurements
performed in the cross-sectional arm of SLAM. FBG = fasting blood glucose;
NMR = nuclear magnetic resonance; MRI = magnetic resonance imaging;
OGTT = oral glucose tolerance test; ITT = insulin tolerance test; DEXA = dual-
energy X-ray absorptiometry. Orange circles indicate the initiation of studies.
Red circle indicates the oldest participant of BLSA (103 years).
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temperature every 2 weeks; evaluation of fasting blood glucose,
body composition, and hematological measurements (ADVIA120,
Siemens Healthineers), and collection of blood, serum, urine, and
feces every 3 months; measurements of gait speed (MotoRater,
TSE), mouse frailty index, motor function (rotarod, grip strength,
cage top, and wire hang), and mouse behavior (open field, urine
incontinence) every 6 months. Additionally, measurements of in-
direct calorimetry (Comprehensive Lab Animal Monitoring System,
Columbus Instruments), echocardiography, and magnetic resonance
imaging (7-Tesla MRI, Brucker) are performed every 6 months in a
subset of animals. A detailed listing of the longitudinal tests is de-
picted in Figure 2A and Supplementary Table 2. These time intervals
were selected to correspond with the longitudinal measurements
performed in participants of the BLSA in which longitudinal testing
is performed in healthy volunteers every 4 years from 20 to 60 years
of age, every 2 years from age 60 to 79, and yearly in participants
over 80 years old (Figure 2B).

State-of-the-art technology and protocols routinely used by the
Translational Gerontology Branch (TGB) of the NIA Intramural
Research Program for mouse phenotyping have been optimized
for longitudinal data acquisition during this study. Functional and
phenotypic characterization carried out in the SLAM study are not
conducted in a specified order, as factors such as time point, avail-
ability of personnel, scheduling of equipment, and potential conflicts
with other parallel testing have to be considered. While the order of
testing may vary based on these considerations, extreme care has
been taken to ensure that the tests are spaced out and performed
as not to cause undue stress on the animals or impact subsequent
measurements. In cases where testing of younger and older cohorts
of mice overlapped, the older cohort is given priority. In some cases,
especially in older mice, the health status of the mouse also needs
to be considered where stressful testing could further deteriorate
their health. However, efforts are made not to prospectively elim-
inate sick mice so as to not introduce selection bias in our tests. In
order to directly compare the aging process between mice and hu-
mans, SLAM tests were chosen based on tests that are conducted in
BLSA. Results from BLSA have shown that body composition modi-
fies with age (52), as a result of changes in food consumption and
metabolic parameters during aging (53). Hematologic changes are
much explored in aging studies, and an increase in white blood cells,
a marker of inflammation related to cancer, cerebrovascular, and car-
diovascular mortality, was observed in BLSA (54). Longitudinally
measured sarcopenia, frailty, risk to fall, and fatigability are con-
sidered to be hallmarks of human phenotypic and functional aging
(55,56). Thus, far these parameters have not been examined within
a longitudinal study of aging in mice. Noninvasive measurements
such as gait and grip strength can be useful predictors of human
aging (57). Gait studies in mice are uncommon but our previous
cross-sectional studies showed that some gait parameters (ie, speed
decline) change with age similar to humans, while others (ie, step
length) differ between species (58). No longitudinal investigation
of gait alterations in mice has ever been carried out, thus it is un-
clear whether the close association observed in humans between
alterations in gait speed and mortality risk is comparable in mice.
Behavioral changes like urine incontinence have been identified as
markers for aging; however, few studies have explored this marker
in a longitudinal setting with mice (59). The approach utilized in
SLAM will allow us to longitudinally track functional, phenotypic,
and biological changes that occur with normative aging in mice and
to evaluate the predictive power of these alterations for overall mor-
tality at different stages of life.

Additionally, flash frozen and formalin-fixed paraffin-embedded
(FFPE) organs, collected cross-sectionally at selected time points,
will allow us to further evaluate how these alterations may drive
age-related changes in specific organs. Prior to planned euthanasia,
animals designated for cross-sectional tissue collection undergo glu-
cose tolerance tests (GTT) and insulin tolerance tests (ITT) to assess
metabolic function. In future cohorts, other measures of resilience
will also be performed. Animal health is checked twice daily, and
death is recorded for each animal. Moribund animals are euthan-
ized if any of the following events are observed—loss of righting
ability, failure to eat or drink, excessive weight loss (>20% within 1
week), severe inner ear infection as evidenced by a head tilt and re-
fractory to treatment, tumors exceeding Animal Research Advisory
Committee (ARAC) guidelines, or other illness or injury determined
by the attending veterinarian to cause chronic pain or suffering. Due
to the importance of understanding the cause of death or subclinical
age-associated diseases, all mice found dead or moribund and eu-
thanized are immediately formalin fixed and examined for a full nec-
ropsy and histopathological analyses by the Division of Veterinary
Resources (DVR/NIH, Bethesda, MD).

Implementation Strategy

Biorepository Establishment
SLAM generates over 1000 samples every month and therefore,
processing, organization, and storage of samples are critical. All
cross-sectionally and longitudinally collected biological specimens
(ie serum, whole blood, urine, feces, tissue samples) are labeled with
mouse unique identification number, cohort number, age at collec-
tion, and date of collection, then stored under optimal conditions
for downstream analyses. Longitudinal blood samples are collected
by submandibular bleeds at approximately 2 pm, following a 6-hour
fast. Measurement of blood glucose levels is performed immediately
after collection and hematologic measures (ADVIA) are assessed in
samples kept on ice within 2 hours of collection. Serum samples are
separated by centrifugation at 14 000 rpm for 15 minutes. Urine and
feces are collected in the morning in fed mice. Serum, whole blood,
urine, and feces are stored at ~80 °C. These samples will be used for
assessment of various endpoints—such as hormones, cytokines, me-
tabolites, and proteins. The blood biomarkers that have been found
to be associated with better survival outcomes in humans (60) have
not been examined in depth thus far in mice, another area of re-
search that SLAM will be able to address with the longitudinally and
cross-sectionally collected samples.

The SLAM tissue biorepository strategy is illustrated in Figure 3.
At different time points throughout the study, a subset of mice is
euthanized for tissue collection to establish a biorepository of both
macroscopically normal flash frozen tissues and FFPE tissue blocks
with the corresponding hematoxylin and eosin (H&E) stained slides
(Supplementary Tables 3 and 4). Cross-sectional euthanasia is ini-
tially carried out every 6 months, then every 1-3 months as mice
reach middle-age and late-life stages (Figure 2C). All euthanasia for
cross-sectional sample collection are carried out in the morning be-
tween 8 AM and 12 pM in fed animals. Mice that show macroscopic
signs of disease (eg, neoplasms) are eliminated from sample collec-
tion for biochemistry. This becomes an important factor to consider
especially in older cohorts of mice where pathological conditions
are more prevalent. For flash frozen biospecimens, mice are euthan-
ized by cervical dislocation, followed by cardiac puncture for blood
collection and perfusion with cold phosphate-buffered saline (PBS;
1x) to avoid alterations to biochemical parameters that can occur
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Figure 3. SLAM tissue biorepository strategy.

during anesthesia. Organs (listed in Supplementary Table 3) are then
removed and processed separately, flash frozen in liquid nitrogen, and
stored at —80 °C. For collection of fixed tissues, selected mice are eu-
thanized with injectable anesthetic overdose (ketamine/xylazine) or
anesthetic inhalant overdose with isoflurane, followed by perfusion
with cold PBS and fixation. Formalin-fixed tissues are sampled and
trimmed at the TGB according to ad hoc modified protocols (61-65)
and then processed for histology (paraffin embedding and H&E
staining) at The Oncology Tissue Service at Johns Hopkins University
(Baltimore, MD). Additional histochemical (eg, Masson’s trichrome
and periodic acid-Schiff) and immunohistochemical staining (eg, neo-
plastic lesions immunophenotyping) are being performed for diag-
nostic and research purposes as well. Whole slide images are acquired
with a high-resolution Zeiss Axio Scan Z1 digital slide scanner (Zeiss,
Oberkochen, Germany). As per the goals of the NIA Geropathology
Research Network (66), this will lead to the establishment of the first
comprehensive murine geropathology whole slide digital library, in-
tegrated with pathology reports and a full spectrum of bioclinical
annotations acquired during life and postmortem.

While the collection and inventory of the specimens is ongoing, we
are establishing a comprehensive, user-friendly database and a SLAM
website. All the biological samples and whole slides images will be
made available via special requests for research studies aimed at ex-
ploring age-associated changes in specific tissues using the website.
Requests will be prioritized following review by senior members of
the TGB of the NIA based on the overall strength of the proposals
and their congruence with the mission and goals of the NIA. All re-
searchers receiving samples from SLAM will also be required to adhere
to the same transparency and data availability standards established
for SLAM. Based on funding, availability of resources and services, a
formal introduction of the SLAM website and biorepository to the
research community will be made in the near future.

Data Management and Data Analysis

All data are acquired on predesigned templates that contain infor-
mation pertaining to date of test, age, animal unique identification
number, cohort number, and name of operator. Test results and
measurements from SLAM are recorded electronically in a stand-
ardized format with hard copies of paper datasheets scanned and
filed for duplication. All data are currently entered and stored in
Microsoft Excel and processed using the programming language R

for statistical analysis and graphical representation. SLAM data are
organized in a database that is secure, reproducible, and scalable.
An open source version control software called GIT is placed for
source control, and folders used for data storage are routinely dupli-
cated to avoid any unforeseen data loss. Additional data storage and
computing power are available through NIA intramural research
program cloud computing resources. Data analysis is conducted on
an ongoing basis by a team of data scientists to evaluate potential
study adjustments and also address relevant and complex questions
emerging in the field. With the size, diversity, and complexity of the
data obtained through SLAM, traditional analytical methods have
serious limitations and therefore, machine learning approaches
(eg image and video-based deep learning) and advanced statistical
methods are being applied to data in order to efficiently analyze
the data, estimate biological age, and explore novel associations for
turther hypothesis generation/testing. The cohort-based approach
utilized in this work lends itself to this type of analysis, due to the
ready availability of distinct groups of animals for training and val-
idation purposes. All data collected in SLAM will be published in a
timely manner and made available to the broader research commu-
nity through publicly accessible databases upon publication. Links
to these databases will be provided through the SLAM website.

Study Management and Logistics

Two of the major challenges associated with establishing and
maintaining a study of this caliber are cost and personnel. This study
is entirely funded through the Intramural Research Program of the
NIA/NIH. A management plan is in place to assure that each mouse
is tested at the appropriate timepoint by the assigned personnel fol-
lowing the correct standard operating procedure. The workload is
divided between a team of highly skilled and uniformly trained la-
boratory personnel, animal care specialists, research fellows, and
staff scientists. Regular meetings are held to discuss study updates,
training, and SLAM data. During the 2020 SARS-CoV-2 pandemic,
some disruptions to repeated testing were experienced due to un-
availability of personnel but with the continued enrollment of future
cohorts, these effects will be mitigated.

Limitations and Improvements

During this ongoing study, we have made several important obser-
vations that are pertinent to limitations in mouse aging research.
Blood pressure, respiration, and bone density were initially meas-
ured within SLAM, but had to be halted due to time, personnel, and
space constraints and the additional stress imposed on the animals
during the procedures. As we have now collected an abundance of
data in unstressed mice, we are currently working to reincorporate
some of these measurements into future cohorts as well as adding
additional measurements, including assessment of myography, audi-
tory function and gut leakage, implantation of wireless telemetry de-
vices, and functional measures of resilience (ie, response to vaccine,
cold challenge). Continual and repeated testing the mice has brought
to our attention some important aspects of commonly used tests re-
garding their feasibility, validity, and translatability in longitudinal
studies. For example, rotarod testing was found to improve with
age when performed longitudinally, in contrast to what has been
shown in cross-sectional studies (67). While this has been observed
in other studies (68), the scale at which SLAM is conducted allows
us to conclusively demonstrate these improvements. Furthermore,
most of mouse behavioral and phenotypic tests have been developed
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based on young mice and thus, the effect of aging on such tests re-
main largely unknown (69). Additionally, some of these tests are
used in genetic models of specific diseases such as type 2 diabetes,
Alzheimer’s disease, heart disease, and the analysis and results of
these measurements may be substantially different under conditions
of normal mouse aging. Echocardiograms in humans can be used to
assess the extent of atherosclerosis and complications arising from
this condition. However, in normal mouse aging atherosclerotic
plaque formation does not occur due to differences in circulating
lipids between mice and humans (70). As such, the analysis of these
tests must focus on other parameters known to be related to car-
diac aging in mice. The current protocols for some measurements
of motor function (ie, wire hang, cage top) include time cutoffs
that we have discovered are far below the actual capacity of both
young and aged animals, resulting in ~90% of animals achieving the
maximum score. We have thus modified our protocols to assess the
maximum capacity for animals to perform these tasks and found
that for many individuals, this far exceeds the standard cutoffs that
are recommended. Such observations will be published as a way to
alert the mouse aging research community about caveats to consider.
On a similar note, performing tests in older mice comes with the
added risk of adverse outcomes during the procedure, so additional
precautions and care had to be taken when handling and testing
older mice. Similarly, our initial results indicate that some measure-
ments were more applicable for older mice compared to young mice
(eg. frailty index) and therefore, testing frequencies have been ad-
justed accordingly for later cohorts. It is also important to stress
how essential planning and organization for sample collection and
storage is during a large, long-term study such as SLAM. Designated
storage space and uniformity in labeling/annotation are critical for
maintaining continuity and efficiently locating samples for follow-up
analyses, and this is an area that we continue to improve on as the
study matures beyond its initial phase.

Current and Future Directions

SLAM is an ongoing study that is continuously evolving based on
key observations made within the study and on new developments
in the field of aging research. SLAM data are being used to explore,
compare, and validate mouse aging indices against observations
from human aging studies (BLSA) that are built on the Geroscience
hypothesis—such as pillars of aging, inflammation, metabolism, and
resilience (71,72). Our initial efforts have been focused on building
a framework to enable us to identify metrics of aging that could
capture the hierarchical and temporal declines, and relationships be-
tween phenotypic, functional, and biological aging based on 4 do-
mains: body composition, energy regulation and homeostasis, motor
function, and onset of behavioral and neurological deficits (73).
Using this framework and quantifying the phenotypic and biological
changes associated with advancing age in mice will enhance our
understanding of how these measures translate to a similar frame-
work developed in BLSA (Figure 4). Using longitudinal data from
SLAM and BLSA, we propose to characterize both shared and dis-
tinct aspects of mouse and human aging biology. To evaluate different
parameters based on their importance as a predictor of aging, we will
explore a number of critical indices and sub-indices for each species:
functional aging (ie, physical function, cognitive function, mood/
sensory, mental health), phenotypic aging (ie, body composition,
energetics, homeostatic mechanisms), and biological aging (ie, gen-
omic instability, telomere shortening, cellular senescence, epigenetic
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targetable
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Figure 4. Translational gerontology framework to compare biomarkers of
aging between mice and humans. BLSA and SLAM data will be leveraged
to identify biomarkers and clusters of biomarkers associated with aging
by examining individual variables related to functional, phenotypic, and
biological aging. The effect of sex/strain/race will be also be explored.

alterations, mitochondrial dysfunction, decreased proteostasis, stem
cell exhaustion, deregulated nutrient sensing, inflammation). Parallel
and simultaneous clustering of diverse variables will be achieved by
advanced statistical methods such as bioinformatics and artificial
intelligence applications. We surmise that there will be large over-
laps between the species, but these hypotheses need to be thoroughly
tested, and initial data from these studies indicate that some key
aging characteristics are differentially regulated with age between
mice and humans.

To help further evaluate whether factors driving organismal aging
are modifiable, we have initiated a longitudinal intervention study
that builds on the baseline SLAM study, where small molecules and
dietary interventions are being tested as effective means to prevent
and/or mitigate aging and age-associated phenotypes. The interven-
tion arm of SLAM will be performed under the same format as the
original SLAM study. As such, it will include all of functional, behav-
ioral, phenotypic, and biological analyses conducted during SLAM.
By using the same study design to first identify biomarkers of aging
and then test how those biomarkers are modulated by a given inter-
vention, more accurate and reproducible estimates of the efficacy of
the intervention can be made. This will allow us to build off the im-
portant work being done with ITP, where very few longitudinal assess-
ments are performed. Indeed, initial efforts will be focused on known
antiaging interventions that have been established to be effective by
the ITP and other programs. We anticipate that this will allow us
and others to more efficiently and effectively test novel antiaging
interventions. The use of both sexes in these follow-up studies will
allow us to explore the factors that underlie sex-specific intervention
successes observed in prior life-span studies (74). Ultimately, the full
wealth of SLAM data will be used to identify aging biomarker sig-
natures that can be used to evaluate the potential efficacy of various
nutritional, pharmacological, or genetic modulators, without exam-
ining the full mouse life span. Initial studies conducted as part of this
larger secondary SLAM study will examine high probability candi-
dates for life-span extension, including but not limited to metformin,
rapamycin and CR, with the specific goal of examining how such
interventions modify biomarkers of aging in mice.
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Overall, the SLAM study will provide a wealth of data on
normal mouse aging, as well biological samples that can be util-
ized by the broader research community. All of these resources will
be made available to the broader research community through the
SLAM website (Figure 5). As part of this initiative, the identification
of aging biomarkers will not only foster progress in the field but
will also allow stratification of mouse cohorts (based on strain and
sex), and provide early diagnostic information useful for validation
within other mouse longevity projects such as the NIA ITP (36). In
addition to this, harnessing the size and power of this dataset will
allow us to explore a number of specific questions that are of crit-
ical importance for improving our understanding of how different
factors impact aging. For example, as highlighted earlier, sex dif-
ferences in aging phenotypes have been noted in previous studies
(47). It is well known that a strong sexual dimorphism in lipid de-
position exists in both mice and humans, with female mice accumu-
lating a much higher amount of subcutaneous fat than males, who
store most of their lipids in the visceral compartment. Recent work
has demonstrated that fat mass plays a critical role in rodent life
span and is one of the best predictors of how well an animal will
respond to CR (34). Body composition data acquired from NMR
and MRI in SLAM will allow us to directly assess whether alter-
ations in fat mass differentially affect life span in male and female
mice and evaluate how differences in specific fat depots contribute
to these effects. Similarly, metabolic rate changes with age and de-
pends on many factors, like body composition, body temperature,
and physical function. Human studies have shown that low resting
metabolic rate is related to optimal aging (53). SLAM can help
unravel the mechanisms that underlie such observations, and by
direct comparison to data acquired from BLSA, the translatability
of mice as a model of human metabolic function and aging can be
investigated.

Summary

Here, we have highlighted the goals, significance, study design, and
key current methods of SLAM—a longitudinal study that was ori-
ginally established to address the absence of robust datasets on re-
peated measures of physiological, functional parameters, and aging
phenotypes on large populations of mice in the context of normal
aging. Longitudinal assessments of metabolic, hematological, func-
tional, behavioral, and biological parameters are collected from 2
strains of mice of both sexes for a total of 2800 animals. This study
will provide invaluable insight into normative mouse aging and es-
tablish a platform suitable for subsequent testing of interventions
aimed at delaying the progression of phenotypic and biological
aging. We foresee that SLAM will be used as a gold standard for
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Figure 5. Expected major resources that will be available through SLAM.

Molecular markers

longitudinal mouse aging, with specific uses as a power calculation
tool, for aging biomarker identification, and as a system for aging
data/ biospecimen sharing. The identification of aging biomarkers
from phenotypic, biochemical, and -omics data and their parallel
validation in an epidemiological study like BLSA, shall provide key
information for ultimately improving health outcomes in the elderly.
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