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Abstract

The advent of geroscience engendered the development of approaches to quantify the aging process and estimate
biological age on an individual level. Recognizing that declines observed in aging are not only physical but also
social led us to develop a mouse Social Frailty Index (mSFI) designed to quantify age-related impairments of
social functioning in mice. The mSFI consists of seven behavioral assays that measure essential facets of social
behavioral functioning in mice: social communication, social interaction, and social functional ability. The
assays that comprise the mSFI are all minimally disruptive, relatively simple to execute, and optimized for
compatibility with longitudinal studies utilizing experimental interventions relevant to geroscience. The mSFI
is conducted over AM and PM sessions spanning a maximum of 3.5 days, using materials common to most
animal facilities. The data for all assays is obtained observationally, manually recorded, and entered into
predefined template sheets that automate the computation of the mSFI. We have demonstrated the validity and
applicability of the mSFI across multiple laboratory sites and experiments. This index has proven to discriminate
between differential trajectories of biological aging driven by sex, progeria, or social stress-relevant contexts.
The mSFI represents a novel index to quantify trajectories of biological aging in mice, and its application may

help elucidate the social dimensions of the aging process.

Key features

e The mSFI is a comprehensive assessment for the evaluation of impairment in social behavioral functioning
related to aging in mice.

e Minimally disruptive, relatively simple, commonly used high-throughput assays of spontaneous social
behavior that are optimized for compatibility with longitudinal studies of aging.

e The protocol spans AM and PM sessions over 3.5 days maximum; the sequence of individual assays is flexible
by design.

e The mSFI requires materials common to most animal research facilities.
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e mSFI application is compatible with most experimental treatments, social behavioral paradigms,

longitudinal within-subject designs, and genetically modified mouse models.
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The mouse social frailty index (mSFI)

Background

As a consequence of societal advances allowing modern humans to live longer than ever before, aging now
represents the single largest risk factor for chronic diseases and mortality [1-4]. Although the aging process is
characterized by gradual and progressive decline, individuals of the same chronological age may manifest a
different biological age, with some experiencing a variety of age-related morbidities while others remain
relatively healthy [5-10]. Given this marked heterogeneity in the aging process, it is imperative that the growing
field of geroscience be equipped with measures that reliably capture the quality of biological aging on an
individual level in order to better understand and leverage mechanisms underlying the basic biology of aging
to lengthen healthspan [11-17]. Frailty, an age-related state of increased vulnerability to adverse health

outcomes, has emerged as a reliable and valid outcome in the quantification of functional impairment and
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biological aging [18-21]. Indices based on an accumulation of physical health deficits over time have been
constructed for both humans and mice, demonstrating high evolutionarily conserved predictive validity for age-
related morbidity and mortality while providing high utility as a robust indicator of biological aging for clinical
practice and preclinical research [22-30].

However, many of the factors that produce disparities in healthspan and dictate the pace of biological aging
across species are socially bound and linked to social determinants [31-37]. In this light, social frailty, an age-
related lack of social skills and resources necessary to fulfill basic social needs and achieve well-being, has been
proposed as a construct and measured in humans, showing predictive validity for mortality [38,39]. Despite the
widespread use of mice as an animal model for geroscience, and studies demonstrating evolutionarily conserved
declines in their social capabilities with age, no extant method has been able to quantify the social aspects of
frailty in laboratory mice [40-43]. To fill this gap, we recently developed a novel approach to quantify social
frailty in mice [44]. The mouse Social Frailty Index (mSFI) is based on the deficit accumulation model of frailty
[20,22,45] and consists of seven minimally disruptive, relatively simple, commonly used assays that measure
essential facets of social behavioral functioning in mice: social communication, social interaction, and social
functional ability. The mSFI is conducted over a maximum of 3.5 days, in AM and PM sessions. During each
session, each mouse is tested from a few minutes to one hour in duration (unless otherwise specified). Behavioral
data are either directly recorded during testing or quantified later in assays that are based on image
quantification via freely available software. The obtained values are then entered into predefined spreadsheet
templates that automate the calculation of the mSFI. In practice [44], the mSFI showed a progressive, graded
increase with chronological age in group-housed C57BL6 mice as well as sensitivity to i) sex, ii) social isolation
and chronic subordination stress, and iii) mouse models of progeria. Our published data [44] provide robust
support for the initial validity and applicability of the mSFI as a useful measure for preclinical geroscience

research. This protocol describes and operationalizes the procedure for conducting the mSFI.

Materials and reagents

Biological materials

1. Juvenile (4-5 weeks old) stimulus mice matched to the sex and strain of experimental mice (see General Note
1). Testing can be conducted with up to five mice per observer, per round of observation.

a. Juvenile mice can be reused in subsequent rounds of observation, so the amount required is one that is
sufficient to provide one round of experimental mice with sex- and strain-matched juveniles. For example, 5
juvenile mice could be used for 20 experimental mice. This would result in four rounds of observation.

b. If juvenile mice are of the same coat color as the experimental mouse, mark the tail of the juveniles with a

bright-colored marker for ease of observation and to differentiate between juveniles themselves.

Reagents

1. Tap water

2. 1:10,000 pure vanilla extract (McCormick & Co., Inc., Hunt Valley, MD) diluted in tap water

3. Pooled intact male & female mouse urine purchased from a commercial vendor (Biochemed Pharmacologicals,
catalog number: NC1569592), ~2.2 mL/20 mice as a social odor (see also General Notes 1 and 2)

4. 70% EtOH spray
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Laboratory supplies

1. Small static cages (186 mm X 298 mm X 128 mm) without bedding, nesting material, food, or water bottle
2. Small static cages (186 mm X 298 mm X 128 mm) with a layer of bedding but without nesting material,
food, or water bottle

3. Large static cages (257 mm X 483 mm X 152 mm) with bedding but without nesting material, food, water
bottle, or metal wire lids

4. Wire mesh cups (e.g., Amazon, Amazon Basics wire mesh pen cup, reference: BO7VVB7DSK)

5. Bottles filled with tap water (e.g., EMD Milipore Corporation, Milipore Express® PLUS 0.22 mm PES 150 mL
bottle unit) or any other available object to serve as a weight on top of the wire mesh cups to prevent the mouse
from tipping them while exploring

6. Novel objects (e.g., Simport Scientific Inc., catalog number: C576, SecurTainer™ II tamper-evident container,
40 mL, reference: C576-40MA). These may be changed based on available resources but must fit in the wire
mesh cups and be similar in size to a juvenile mouse

7. Pressed cotton batting nestlets (e.g., Ancare Corp, reference: NES3600)

8. GeneMate 20-200 pL autoclavable single-channel pipettor (ISC BioExpress Inc. or an equivalent model) and
pipette tips

9. 15.24 cm cotton swabs (e.g., Tyco Healthcare Group LP, Kendall Curity™ single tipped applicators, reference:
8884540500)

10. 15 mL polystyrene conical tubes (e.g., Corning, Falcon® 15 mL polystyrene centrifuge tube, catalog number:
352095)

11. Tube rack (recommended) (e.g., Heathrow Scientific LLC, 5.39 cm wd, 9.52 c¢cm ht, 17.46 cm lg,
polypropylene, Grainger, catalog number: 55PT41)

12. 31.5 x 33.5 cm Whatman 3 MM CHR chromatography blotting paper (Cytiva, catalog number: 3030-335)
13. One stopwatch per experimenter + one additional

14. One clipboard per experimenter

15. Coding sheets for instantaneous sampling

16. Optional: sticky notes to keep track of mouse IDs

17. If needed: cages to temporarily store cage mates or house overnight for nest building

Equipment

1. UV transilluminator (e.g., Ultra-Violet Products, Inc., model: chromato-vue transilluminator 0-62)
2. High-resolution camera (high-resolution phone camera is OK; you must ensure that either the same camera

is used across assessments or that megapixel count is identical between cameras used)

Software and datasets

1. Microsoft Excel or any other spreadsheet-based software
2. ImageJ (Version 1.53m [46])

3. Statistical software of your choosing to produce data in a reproducible manner, adequate for the comparisons
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you are making, based on your experimental design

Procedure

A. Scheduling

1. The mSFI consists of seven tests that take place during seven individual AM and PM sessions over 3.5 days.
2. Typically, testing can start on a Monday and end on a Thursday, allowing Friday to be used for other testing
such as the 31-Item Clinical Frailty Index assessment [28].

3. The mSFI test sequence is meant to be flexible such that any test can be scheduled in any of the AM or PM
sessions over the 3.5 days. The only exception is the nest-building test, which needs to occur overnight.

4. Special attention should be paid to when the AM and PM sessions occur each day.

a. The AM sessions need to be scheduled early enough so that they do not go into the PM, but not too close to
the start of the light cycle. The PM sessions need to be scheduled to give ample time between AM and PM
sessions, but not too late that they come close to the start of the dark cycle.

b. When applied to a 12:12 06:00 AM 06:00 PM light cycle, a start time of 8:30 AM works well for AM sessions

and 1:30 PM for the PM session. Besides the nest-building test, see each section for specifics.

B. Fulfilling cage needs

1. The mSFI requires behavioral testing environments constructed using caging materials common to most
animal research facilities. Prior to starting the mSFI assessment (See General Note 3), you should prepare:

a. One empty (i.e., no bedding, nesting material, food, or water bottle) small static cage (186 mm X 298 mm
x 128 mm) per mouse for urine marking.

b. One empty (i.e., no bedding, nesting material, food, or water bottle) small static cage (186 mm X 298 mm
x 128 mm) per mouse for urine countermarking.

Note: To limit caging demands, the empty small static cage used in either the urine marking or countermarking assays
(whichever is conducted first) can be thoroughly cleaned with 70% EtOH and reused in the remaining assay.

c. One small static cage (186 mm X 298 mm X 128 mm) with bedding, nesting material, food, and water bottle
per mouse for juvenile social interaction in a novel environment.

d. One large static cage (257 mm X 483 mm X 152 mmy; typically used to house rats) with bedding but without
nesting material, food, water bottle, or metal wire lids per mouse for social/novel object preference test.

Note: If the mice being assessed are not individually housed (e.g., they are group-housed or in another housing paradigm),
then caging needs will need to be altered based on adaptations for each assay. See notes throughout the following
protocol sections for specifics.

C. Assessment environment

1. Provided the availability of suitable working surfaces (tables, shelves, carts, etc.), the mSFI should be
conducted in the same room where the experimental mice are housed. If this is not the case, transport the mice
to an area with suitable working surfaces. Allow mice at least 1 h to acclimate to the novel environment prior

to beginning testing.
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2. Assays in the mSFI occur in both the home cage environment (olfactory test, juvenile social interaction in
home environment, nest building) and novel cage environments (urine marking, urine countermarking, juvenile
social interaction in a novel environment, social/novel object preference test and nest building; see individual
sections for specifics). In the case where mice are group-housed, special consideration should be taken for assays
that occur in the home cage environment. Mice housed in groups should be assigned to undergo testing in the
home cage environment in random order.

a. During testing, group-housed cage mates to be tested subsequently can be housed in temporary cages.

b. When this occurs, the group-housed experimental mice that are undergoing testing should be allowed to

freely roam the home cage for 1 min to habituate before behavioral testing occurs.
D. Item 1: Olfactory test, home environment

1. Prepare solutions of tap water in a 15 mL conical tube, 1:10,000 pure vanilla extract diluted in tap water in
a 15 mL conical tube, and 0.1 mL/mouse of pooled male and female urine. Bring these to the assessment
environment. It is recommended to use a tube holder to organize these during assessment to allow ease of access.
2. Place the experimental mouse home cage on the working surface, remove the cage filter top (if present), and,
while maintaining the metal lid and food in place, set the water bottle aside.

3. Each of the three odors (water, vanilla, urine, in that order) should be presented in sequence to the
experimental mouse. For each odor, the process is identical:

a. Wet a new cotton swab in stimulus odor solution, making sure to press the cotton tip firmly against the edge
of the tube to get rid of excess liquid.

b. Prepare the stopwatch with your preferred hand. This will be used to measure the time spent sniffing the
swab.

c. Prepare an extra timer that will be used for 2-minute interval timing.

d. With the cotton swab in your preferred hand, insert the swab approximately 2.5 cm through the wire top

near the water bottle insert, starting the 2-min interval timer simultaneously (Figures 1 and 2).

Figure 1. Item 1: Olfactory test apparatus. Sagittal view. This test should be conducted in the experimental
mouse’s home cage, and the cage should be configured as depicted above. The 15.24 c¢m (6 in.) cotton swab
should be inserted 2.5 cm (~1 in.) into the cage and held stable throughout odor presentation. Note: There is

no mouse in this figure.
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Figure 2. Item 1: Olfactory test configuration. Transverse view. This test should be conducted in the
experimental mouse’s home cage, and the cage should be configured as depicted above. The 15.24 cm (6 in.)
cotton swab should be inserted 2.5 cm (~1 in.) into the cage and held stable throughout odor presentation.

Note: There is no mouse in this figure.

e. Observe the mouse behavior intently for 2 min. Start the stopwatch only when the mouse is engaging with
the cotton swab (see below) and stop it as immediately as possible when the mouse disengages. Engaging
behavior is defined as follows: the mouse’s nose is within approximately 2 cm of the cotton swab, oriented
toward the swab, and making visible efforts to inhale the odor (i.e., the mouse is actively sniffing the swab, not
simply walking past it); the mouse is chewing, licking and/or gnawing at the swab; the mouse is holding the
swab with its forepaws.

f. After each 2 min interval, remove the cotton swab and record the time spent sniffing the odor.

g. Allow a 1 min recovery period before presenting the next odor.

Note: This is the longest assay in the mSFI. At maximum efficiency, it takes 8 min per mouse. With two experienced

observers, it takes approximately 2 h to test 20 mice (See General Note 4).
Olfactory test quantification: The measure of interest in the olfactory test is the percentage of social odor (urine)
preference.

Formula: % urine preference = time spent sniffing urine (s) / (time spent sniffing water (s) + time spent sniffing
vanilla (s) + time spent sniffing urine (s)) X 100.

E. Item 2: Urine marking, novel environment

1. Cut Whatman paper into sheets according to the standard size of cages used in your animal care facility, so
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that the paper will lay flat and cover the entire bottom of the cage during experimentation.
2. Label the cut Whatman paper with any pertinent identification information (i.e., date, subject ID).

3. Lay labeled sheets of Whatman paper within empty (i.e., no bedding, nesting material, food, or water bottle)

small static cages (186 mm x 298 mm X 128 mm), ensuring that the paper lies flat on the bottom of the cage
(Figure 3).

Figure 3. Item 2: Urine marking. Chromatography paper should be cut to the dimensions of the standard
size of cages used in your animal care facility; alterations may be needed depending on variability between
cages. The paper should lie flat at the bottom of the cage and may be curled upward to properly fit the cage.
Bottom: paper in the cage without the filter top. Top: paper in the cage with the filter top.

4. Place experimental mice in individual cages with Whatman paper and close the cage tops. Placement of all
experimental mice should occur as simultaneously as possible.

5. Once all experimental mice are all in their respective cages, begin timing. Allow mice to freely roam the novel
environment and deposit their urinary marks for 1 h.

6. At the end of the 1 h period, return the mice to their home cages.

7. Remove the marked Whatman paper, clean any feces, and hang to dry overnight to allow for the fixation of
urinary marks.

Note: In its entirety, the urine-marking assay takes approximately 1.25 h per 20 mice with two observers. This does not
include quantification time.

Urine-marking quantification: details on quantification and analysis can be found in section G.

F. Item 3: Urine countermarking, novel environment

1. Cut Whatman paper into sheets according to the standard size of cages used in your animal care facility so
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that the paper will lay flat and cover the entire bottom of the cage during experimentation.

a. Label the cut Whatman paper with any pertinent identification information (i.e., date, subject ID).

b. Using a pencil, outline a 1.5 cm diameter circle in the center of the Whatman paper. This will serve as a
reference for where to aliquot the stimulus urine immediately before testing.

2. Lay labeled sheets of Whatman paper within empty (i.e., no bedding, nesting material, food, or water bottle)
small static cages (186 mm x 298 mm X 128 mm), ensuring that the paper lies flat on the bottom of the cage.

3. Aliquot 10 pL of the pooled urine into the centrally located reference outline. This will serve as the stimulus

for countermarking behavior (Figure 4).

Figure 4. Item 2: Urine countermarking. Chromatography paper should be cut to the dimensions of the
standard size of cages used in your animal care facility; alterations may be needed depending on variability
between cages. The paper should lie flat at the bottom of the cage and may be curled upward at the corners to
properly fit the cage. Ten microliters of pooled urine should be aliquoted in the center of the cage. A circle
outline has been superimposed here for reference of where the aliquot would be. Bottom: marked paper in the

cage without the filter top. Top: marked paper in the cage with the filter top.

4. Immediately place experimental mice in individual cages with Whatman paper and close the cage tops.
Placement of all experimental mice should occur as simultaneously as possible.

5. Once all experimental mice are all in their respective cages, begin timing. Allow mice to freely roam the novel
environment and deposit their urinary marks for 1 h.

6. At the end of the 1 h period, return the mice to their home cages.

7. Remove the marked Whatman paper, clean any feces, and hang to dry overnight to allow for the fixation of
urinary marks.

Note: In its entirety, the urine-countermarking assay takes approximately 1.25 h per 20 mice with two observers. This

does not include quantification time.
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Urine-countermarking quantification: details on quantification and analysis can be found in section G.

G. Urine marking and countermarking quantification and analysis

1. Before conducting the following procedure, ensure that the marked Whatman paper is completely dry and as
flat as possible.

2. UV scanning

Caution: Prior to beginning scanning, take appropriate personal safety measures to protect yourself from the
UV light emitting from the transilluminator.

a. Turn off the lights in the room.

b. Place marked Whatman paper as flat as possible on your UV transilluminator. The paper should be completely
in the illuminated area.

c. Using a high-resolution camera, take a picture of the illuminated paper (Figures 5a and 6a).

Figure 5. Item 2: Urine marking exemplar quantification and analysis steps. (a) Photo of marked Whatman
paper from urine-marking test over UV transilluminator imported to ImagelJ (steps G1-3b); the paper is laid flat
on the surface of the transilluminator. The field of view includes the entire sheet of paper, and the camera angle
is close to parallel with the sheet of paper. (b) Rotated rectangle tool outlining the paper to specify the area of
analysis (step G3c). (c) Rectangle outlining the paper after conversion to greyscale (step G3d). (d) Threshold
applied to create contrast highlighting illuminated marks; noise (i.e., light not produced by markings) is present

outside the bounds of the rectangle outline; no noise inside the bounds of the rectangle (step G3e). (e) Analyze
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particles function applied within the bounds of the analysis area, highlighting (in light blue) the markings that
were counted (step G3f). (f) Analyzed photo of Whatman paper in greyscale after the threshold was removed to
exhibit which markings were quantified within the specified bounds. *: large urinary spots that fell outside of
the specified size range (100-40,000 pixels) and were not counted in the analysis. Note: This example was obtained
from a 16-month-old C57BL6 male mouse. Labels on the Whatman paper pertaining to experimental information have

been blurred.

Critical: Prior to taking a picture, ensure that the photo will be saved in .jpeg format. This is especially important
if you are using a phone camera that may have unique file types for pictures.

Critical: Ensure that the highest degree of consistency is maintained in the distance between the camera and
the Whatman paper as well as the angle of the camera between subsequent photos. Both factors dictate how
many pixels the illuminated paper and markings take up within the dimensions of the captured photo. Later
analysis steps can correct for reasonable amounts of variability in pixel dimension ratios between photos, but

large variability may result in pervasive bias in results.

Figure 6. Item 3: Urine countermarking exemplar quantification and analysis steps. (a) Photo of marked
Whatman paper from the urine-countermarking test over UV transilluminator imported to ImageJ (steps G1-
3b); the paper is laid flat on the surface of the transilluminator, the field of view includes the entire sheet of
paper, and the camera angle is close to parallel with the sheet of paper. (b) Rotated rectangle tool outlining
the paper to specify the area of analysis (step G3c). (c) Rectangle outlining the paper after conversion to

greyscale (step G3d). (d) Threshold applied to create contrast highlighting illuminated marks; noise (i.e., light
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not produced by markings) is present outside the bounds of the rectangle outline; no noise inside the bounds
of the rectangle (step G3e). (e) Analyze particles function applied within the bounds of the analysis area,
highlighting (in light blue) the markings that were counted (step G3f). (f) Analyzed photo of Whatman paper
in greyscale after the threshold was removed to exhibit which markings were quantified within the specified
bounds. *: large urinary spot that fell outside of the specified size range (100-40,000 pixels) and was not
counted in the analysis. !: 10 pL stimulus aliquot; this mark will fall within the specified size range and will be
included in the count of markings, hence why the formula for calculating the number of markings in the
countermarking test is number of markings - 1. Note: This example was obtained from a 16-month-old C57BL6

male mouse. Labels on the Whatman paper pertaining to experimental information have been blurred.

3. Example quantification steps using ImageJ software

a. Import images into your machine.

b. Drag and drop the image into the open ImageJ window.

c. Left-click on the rectangle tool to select the rotated rectangle tool. Using the rotated rectangle tool, outline the
paper (Figures 5b and 6b).

d. Select Image, Type, and 8-bit to convert the image to greyscale (Figures 5c and 6c¢).

e. Under Image, select Threshold; threshold the image so that urine-marked spots within the paper are starkly
contrasted against the background of the paper, eliminating as much noise (coloration due to lighting) as
possible (Figures 5d and 6d).

f. Once the optimal threshold is achieved, select Analyze and Analyze particles.

i. Under Size (pixel"2), enter 100 as a minimum limit and 40,000 as a maximum. The minimum ensures that no
noise from lighting is detected, and the maximum ensures that no large urine spots are detected, as these are
not a display of marking behavior but rather pure urination.

ii. Check Display results, Overlay, and Summarize.

iii. Select OK.

iv. A summary window will pop up displaying some values. The only ones that pertain to behavioral
quantification in these two assays are count, which is the number of markings present, and the statistic of interest
for both assays (Figures 5e/f and 6e/f).

Critical: Double-check that i) you are not quantifying any noise from lighting, ii) you are only capturing pixels

that are on the quantified paper, and iii) all large urinary spots have been omitted.

Note: The quantification time is dependent on the experience of the observer.

Urine-marking quantification: The measure of interest in the urine-marking assay is the number of markings
deposited on the paper.

Formula: number of markings = total number of markings (“count” value in summary window of ImageJ)

Urine-countermarking quantification: The measure of interest in the urine-countermarking assay is the number
of markings deposited on the paper.

Formula: number of markings = total number of markings (‘count’ value in summary window of ImageJ) — 1

Note for countermarking: “Count” will display one redundant mark due to the 10 uL of pooled urine added as a

stimulus. You will need to subtract this single mark (-1) from the number of markings reported (Figure 6f).
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H. Item 4: Juvenile social interaction, home environment

1. Place the home cages (Figure 7) on the working surface where the observations will be conducted (up to five

cages per observer), aligning them in a semi-circle with the long sides of the cages facing the centrally located

observer.

Figure 7. Items 4-5: Social-interaction test apparatus. Sagittal view. Depending on the item, this test
should either be conducted in the experimental mouse’s home cage (item 4) or a novel cage (item 5). In each
case, the cage should be configured as depicted above. Food and water are provided in both items. Some

nesting material can be removed for ease of observation. Note: There are no mice in this figure.

2. Place stimulus juvenile mice in the home environment of the experimental mice with the experimental mice,
closing the cage afterward.

Note: If not all stimulus mice can be placed in experimental home cages simultaneously, place female stimulus mice first
and male stimulus mice second. This will minimize the time in which aggressive behavior by the male mice might manifest
before the observation period begins.

3. Allow mice to freely roam the cage for 5 min before removing the stimulus mouse from the cage and ending
instantaneous observation. The procedure for instantaneous sampling and behavioral characterizations during
the juvenile social-interaction tests are described in Section J.

4. In the circumstance that aggressive behavior between experimental and stimulus mice escalates to the point
where there is a threat of wounding for either mouse, the interaction should be immediately terminated. A
general heuristic for interrupting due to escalated aggression is after a maximum of three consecutive
observation intervals of aggressive behavior.

Notes:

1. See J4, note 2 for scoring after termination due to escalated aggressive behavior.

2. One observer should score five mice per round at the most. Sampling rate should be adjusted for fewer mice being
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observed by each observer to ensure that a consistent number of intervals is scored. In its entirety, the social-interaction

test in the home environment takes approximately 45 min per 20 mice with two observers.

Juvenile social interaction in home environment quantification: details on quantification and analysis can be

found in Section J.

I. Item 5: Juvenile social interaction, novel environment

1. On the working surface where observations will be conducted, align up to five novel static cages (Figure 7)
in a semi-circle with the long sides of the cages facing the centrally located observer.

2. Place stimulus juvenile mice in each cage and close the cage.

3. Remove experimental mice from their home cage and place them into the novel cage with the stimulus
juvenile mice.

Critical: Experimental mice must be placed into the novel cage last to ensure that all exploratory behavior that
is observed is done in the presence of the stimulus juvenile mouse.

3. Allow mice to freely roam the cage for 5 min before ending instantaneous observation and removing the
stimulus mouse. The procedure for instantaneous sampling and behavioral characterizations during the juvenile
social-interaction tests are described in section J.

4. In the circumstance that aggressive behavior between experimental and stimulus mice escalates to the point
where there is a threat of wounding for either mouse, the interaction should be immediately terminated. Best
judgment should be used on a case-by-case basis, but a general heuristic for interrupting due to escalated
aggression is after a maximum of three consecutive observation intervals of aggressive behavior.

Note: See J4, note 2 for scoring after termination due to escalated aggressive behavior.

Critical: Experimental mice should never be exposed to the same juvenile twice to prevent social recognition
and decreased interaction [47,48].

Note: One observer should score five mice per round at the most. Sampling rate should be adjusted for fewer mice being
observed by each observer to ensure that a consistent number of intervals is scored. In its entirety, the social-interaction

test in the home environment takes approximately 45 min per 20 mice with two observers.

Juvenile social interaction in novel environment quantification: details on quantification and analysis can be

found in section J.

J. Observation, instantaneous sampling, and quantification: Juvenile social interaction,

home and novel environments

1. During the 5-min interaction, observe experimental mice for 1 s sequentially (i.e., each mouse is observed
every 5 s), and instances of social behavior initiated by the experimental mouse are recorded on a printed coding
sheet for instantaneous sampling (Supplemental Appendix 1). The use of a clipboard will facilitate ease of
writing.

2. The observer should scan left to right along the semi-circle of cages, spending 1 s observing each mouse while
simultaneously recording behavior.

3. Social behaviors measured in this test span categories of sniffing, aggression, and allogrooming, and are

displayed in Table 1.
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Table 1. Mouse social behavior ethogram for use in social-interaction tests (adapted from Winslow,
2003) [49]

Category Behavior Description

Sniffing Pursuit Closely follows and chases stimulus animal.

Uses nose to inspect any portion of the stimulus mouse’s
Olfactory investigation body, including the tail. Initially, the area of interest is

typically the anogenital region of the stimulus animal.

Bites are usually focused on the rump or hind of the
Aggression Attack bite stimulus mouse, typically associated with an

escape/leap.

The subject mouse positions its body perpendicular to the

front of the stimulus animal. While having its side facing

. . the head of the stimulus mouse, the subject mouse
Sideways offensive posture . . . .

orients its head toward the stimulus animal's

hindquarters. The body of the subject mouse may appear

U-shaped. It must occur with a physical attack.

Appears to attempt to copulate with the stimulus animal.

The observed animal may climb and perform pelvic

Mount
thrusts onto the rump, side, or head of the stimulus
animal.
Licks, cleans, and/or physically probes the fur of the
Allogrooming Allogrooming stimulus mouse. This usually occurs close to the facial,

neck, or upper back regions.

4. Juvenile social interaction in home environment and novel environment quantification. The measure of
interest in both the juvenile social interaction in the home environment and novel environment is the same: the
percentage of social interaction.

Formula: % social interaction = (# sniffing intervals + # aggression intervals + # allogrooming intervals) / total #
intervals X 100,

Notes:

1. Theoretically, the number of intervals scored over 5 min should be 60; however, this may vary slightly between
observers due to experience or general speed of observation. Every attempt should be made to train observers to achieve
60 scoring intervals to maximize the reliability of the assessment.

2. If an interaction requires termination due to escalated aggressive behavior, the test should be scored as is (i.e., total

# of intervals observed = how many intervals occurred before interaction termination).

K. Item 6: Social/novel object preference test, novel environment

1. On the working surface where the observations will be conducted, align up to five novel large static cages
(257 mm x 483 mm X 152 mm) with bedding but without nesting material, food, water bottle, or metal wire
lids, in a semi-circle with the long sides of the cages facing the centrally located observer.

2. To assemble the social/novel object preference apparatus in each cage, place a wire mesh cup containing the
stimulus same-sex juvenile on one side of the cage and a wire mesh cup containing the novel object on the

opposite side (Figure 8). The side on which each is placed should alternate in subsequent cages.
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Critical: The cups should be far enough from each other so that the experimental mouse must choose to

approach them (i.e., not sit in the middle and have access to both) while still allowing enough room for the

mouse to maneuver behind them.

Figure 8. Item 6: Social/novel object preference test apparatus. Transverse view. This test should be
conducted in a novel large static cage (257 mm X 483 mm X 152 mm) with bedding but without nesting
material, food, water bottle, or metal wire lids. Depicted above is the testing apparatus configuration without
the weighted container on top of the wire mesh cups and without a lid. This transverse view above exhibits
the spacing between wire mesh cups within the cage; they should be far enough from each other so that the
experimental mouse must choose to approach them (i.e., not sit in the middle with access to both) while still

allowing enough room for the mouse to maneuver behind them.

3. Place the cup or other container filled with water on each wire mesh cup.

4. Place the experimental mice into the assembled cages and close the filter top (Figure 9).

5. Allow mice to freely roam the cage for 5 min before ending instantaneous observation and removing the
experimental mouse. The procedure for instantaneous sampling and behavioral characterizations during the
social/novel object preference test is described in Section L.

6. If doing another round of testing: after removing the experimental mice, remove the stimulus mice, then
remove the objects, wire mesh cups, and water-filled containers. Clean the objects, wire mesh cups, and water-
filled containers with 70% ethanol and allow them to dry for 1 min before reusing them.

Critical: Experimental mice should never be exposed to the same juvenile twice to prevent social recognition

and decreased interaction [47,48].

Note: One observer should score five mice per round at the most. The sampling rate should be adjusted for fewer mice
being observed by each observer to ensure that a consistent number of intervals is scored. In its entirety, the social/novel

object preference test takes approximately 1.25 h per 20 mice with two observers.
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Figure 9. Item 6: Social/novel object preference test apparatus. Sagittal view. This test should be
conducted in a novel large static cage (257 mm X 483 mm X 152 mm) with bedding and the necessary
objects to assemble the full testing apparatus. The cage should be configured as depicted above for testing.
Note: There are no mice in this picture. The juvenile stimulus mouse would be placed in the wire mesh cup on the left,

opposite the wire mesh cup with the novel object.

L. Observation, instantaneous sampling, and quantification: social/novel object

preference test

1. The instantaneous sampling method used for this test is similar to that described in the juvenile social
interaction tests; however, the behaviors recorded are different.

a. Behaviors measured in the social/novel object preference test are simply interactions with the stimulus mouse
and interactions with the object.

b. Experimental mice are considered to be interacting with either the stimulus mouse or the object when actively
sniffing or digging around the wire mesh cup but also when they are oriented toward it (i.e., stretch attend
posture, rearing or climbing on it) in close proximity to the wire mesh cup.

2. Each experimental mouse should be observed for 1 s, every 5 s, via the aforementioned scanning method.
The behaviors of the experimental mouse are recorded on a printed coding sheet for instantaneous sampling
(Supplemental Appendix 1). The use of a clipboard will facilitate ease of writing.

3. Social/novel object preference test quantification: The measure of interest in the social/novel object
preference test is the percentage of social approach.

Formula: % social approach = (# intervals spent interacting with stimulus mouse - # intervals spent interacting with
object) / total # intervals spent interacting X 100.

Note: Theoretically, the number of intervals scored over 5 min should be 60; however, this may vary slightly between
observers due to experience or general speed of observation. Every attempt should be made to train observers to achieve
60 scoring intervals to maximize the reliability of the assessment.
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M. Item 7: Nest building, home environment

1. Approximately 1 h before the dark phase, remove all nesting material from the experimental mouse home
cage. If testing mice that are group-housed or in another housing paradigm, experimental mice should be
transferred along with bedding from their home cage into novel small static cages (186 mm X 298 mm X 128
mm) with food and water but without nesting material. Mice are returned to their home cage immediately after
assessment.

2. Place one new intact cotton nestlet weighing 3.0 g in the mouse cage and allow mice to build their nests
overnight.

Note: Nestlets are typically not made to a quantitative weight standard. To standardize the amount of nesting material
provided, weigh nestlets and provide exactly 3.0 g of nesting material [50].

3. The following morning, while the mouse is still in the cage and making sure not to disturb the natural structure
of the built nest, assess the nest visually using the published scale provided below [50,51].

Note: The assessment of nests the following morning does not preclude scheduling another test of the mSFI in the AM
session following a PM nest-building test. The assessment of nests can occur alongside another test of the mSFL

4. Nest-building quantification: Nests are assessed visually and subsequently rated based on the 5-point scale
detailed in Table 2. Examples of what a nest of each score looks like have been described in detail elsewhere
[50,51].

Table 2. Nest-building test scoring criteria (adapted from Deacon, 2006) [50]

Nest score Criteria

1 Nestlet not noticeably touched: more than 90% intact.

2 Nestlet partially torn: 50%-90% intact.

3 Nestlet mostly shredded but no identifiable nest site present: 50%-10% intact.

4 Mouse has constructed an identifiable but flat nest: nestlet more than 90% shredded.

5 A near-perfect nest. More than 90% of the nestlet is shredded and formed into a crater-like
structure with walls higher than the mouse body height.

Note: In case mice need to be transferred to new cages, the placement of nests takes 30 min maximum per 20 mice in
its entirety with two observers. If no mice need to be transferred, it takes less time. Visual assessment of nests the

following morning with two observers takes 15 min maximum per 20 mice.

Data analysis

Each item produces a quantitative score that represents behavioral performance in its respective dimension of
social behavior (e.g., a percentage urine preference is calculated from the olfactory test). Similar to the standard
procedure in deficit accumulation-based frailty indices [22,28], an mSFI from O to 1 is calculated for each mouse
based on the extent of deviation from mean quantitative scores obtained in an initial sample of young adult
mice (3—-4 months of age) that undergoes mSFI testing. Thus, before using this index in mice beyond four months
of age, it first needs to be applied in a reference sample of sex- and strain-matched young adult mice to obtain
reference values (see General Note 5). In the case that you plan to make a cross-sectional comparison between
groups of same-strain mice, your reference sample should be sex-matched. Reference samples can be used across

experiments but must match the comparison group in sex and strain. An mSFI of O represents a mouse with no
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impairment in social functioning, and an mSFI of 1 represents a mouse with maximal impairment in social
functioning. Between these minimal and maximal scores exists a gradient of impairment levels with greater
values representing greater social frailty.

To calculate the comprehensive mSFI score, continuous quantitative scores in each item are assigned a scaled
score based on the following cutoffs: scores less than + 1 standard deviation (SD) of the reference sample mean
are assigned a0, <= 2SD = 0.25, = 3SD = 0.5, = 4SD = 0.75, > 4 SD = 1. It should be noted that this
methodology is not used in the case of the nest-building assessment because it is scored on a discrete 5-point
scale. Instead, scaled scores were assigned so that nest scores of 5 receive a score of 0, 4 = 0.25,3 = 0.5,2 =
0.75, and 1 = 5. Scaled index scores for each mouse in all seven items are summed and divided by seven, the
total number of items, to obtain a final mSFI score (see General Note 6).

The predefined spreadsheet template included as a supplement to this protocol automates the mSFI calculation
described above (Supplementary Appendix 2). After collection, data from all items of the mSFI should be
manually entered and stored in the appropriate location within the “msfi” sheet. Quantitative scores
demarcating the standard deviation cutoffs for each item of the mSFI based on an initial sample of sex- and
strain-matched young adult mice should be entered into the appropriate location within the “reference” sheet.
Once data is entered into the “msfi” sheet, predefined formulas will automatically calculate quantitative scores
for the measure of interest in each item of the mSFI as well as their scaled scores based on the reference sample

values in the “reference” sheet.

Validation of protocol

This protocol has been used and validated in the following open-access research article:
e Collinge et al. [44]. The mouse social frailty index: A novel behavioral assessment for impaired social

functioning in mice. GeroScience.
Reliability

The degree of reliability between multiple trained observers needs to be assessed. Prior to administering the
mSFI, observers should undergo rigorous observational training by being exposed to live behavioral sessions,
shadowing experienced observers, and scoring behavior from recorded video sessions (see General Note 7).
Statistically, reliability between observers can be ascertained by using the intra-class correlation coefficient
(ICC) [52]. For example, Table 3 shows data from our lab showing ICC in the good-to-excellent range obtained

between experienced and inexperienced observers in all items, after shadowing administrations of the mSFIL.
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Table 3. Intraclass correlation coefficients (ICC) for items of the mSFI. ICC (A,2) estimates and 95%
confidence intervals (CI) between experienced and inexperienced observers based on an average rating (k = 2),
absolute agreement two-way random-effects model. All obtained estimates are in the good-to-excellent range
[52], although lower bound estimates for SNoP ICC descend into the fair range. Data was obtained for each item
from samples of C57BL6 mice (N = 15-36). Note for significance testing: H;: ICC = 0; H;: ICC > 0. Analyses
conducted using R statistical software (v4.4.1[53]) and the irr R package (v0.84.1[54]). S.I.: Social interaction.
SNoP: Social/novel object preference.

Item ICC [95% CI] F df; df, p

1. Olfactory 0.927 [0.724 - 0.975] 19.10 20 7.91 <0.001
2. Marking 0.999 [0.998 - 1.000] 1245.24 14 14.10 <0.001
3. Countermarking 0.998 [0.994 - 0.999] 530.60 14 14.80 <0.001
4. S.1., home 0.921 [0.643-0.976] 18.59 16 6.30 <0.001
5. S.I., novel 0.957 [0.827 - 0.985]  34.40 25 7.29 <0.001
6. SNoP 0.704 [0.414 -0.850] 3.31 35 35.00 <0.001
7. Nest building 0.986 [0.962 - 0.995] 76.47 16 16.02 <0.001
Validity

Multiple aspects of the validity [55] of the mSFI were demonstrated by Collinge et al. [44].

1. Content validity: As a construct, social frailty has been broadly defined as an age-related lack of social skills
and resources necessary to achieve well-being [38]. To measure this construct in mice, the mSFI was designed
as an assessment of age-related impairments in ethologically relevant behaviors for the adaptive social
functioning of mice of both sexes. Mice are a highly social species that naturally adopt a despotic social hierarchy
maintained by the territorial aggression of males [56]. They socially interact through odorant communication
via scent marking and production of pheromones, direct social interaction and fixed action patterns, and
functional behaviors such as communal nesting, courtship, and parenting [56-59]. Accordingly, we created
three sub-domains of mouse social behavior—social communication, social interaction, and social functional
ability—and sampled from commonly used assays in each domain. From social communication, the mSFI
evaluates spontaneous urine marking behavior, urine marking in responses to the urinary marks of a conspecific,
and olfactory discrimination of a social stimulus. Social interaction is evaluated in spontaneous social
interactions in a home environment, the tradeoff between social interaction and exploring a novel environment,
and the preference for social stimuli. Social functional ability is evaluated through nest-building ability. The
ethological repertoire of mice is exceedingly complex, and this sampling technique creates an index that is
representative of each sub-domain of mouse social behavior, supporting its content validity—the extent to which
the items of a test theoretically represent all possible items relevant to the construct the test attempts to
measure—while also maintaining the feasibility and wieldiness of the mSFI.

2. Criterion validity: The mSFI was designed to detect age-related changes in social behavior in order to
quantify social dimensions of the aging process. Therefore, it should be sensitive to changes in biological age.
In practice, the mSFI was found to be sensitive to increases in the chronological age of C57BL6 group-housed
mice, showing significant progressive increases that parallelled increases in chronological age in both sexes of
mice (see Collinge et al. [44], Figure 1B, C). The mSFI also demonstrated sensitivity to the accelerated biological
aging characteristic of progeroid syndromes in two distinct bona fide mouse models of segmental progeroid
syndromes (Ercc1”7* [60] and Xpg’~ [61]) compared to wild-type mice of the same chronological age in both
sexes (see Collinge et al. [44], Figure 4B, C). Further, to support the criterion validity of the mSFI, it should be
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associated with other measures of biological aging in mice. We demonstrated a strong positive correlation
between the mSFI and a widely used and validated measure of biological aging in mice, the 31-item Clinical
Frailty Index (CFI) [28], in both male and female group-housed C57BL6 mice (see Collinge et al. [44], Figure
2B). Additionally, we found parallel increases in mSFI and CFI scores in both Ercc17* and Xpg”- mice compared
to wild types in both sexes (see Collinge et al. [44], Figure 4D, E).

3. Construct validity: As a construct, social frailty is still relatively new. Before our work [44], it had only been
formally defined in human literature [38]. Relating to the current definition of social frailty as a construct, we
demonstrated that the mSFI measures age-related impairment of social skills that would impact a mouse’s well-
being, and therefore decrease its survival given the reliance of this species on social functions. The construct
validity of the mSFI will be further informed by longitudinal studies examining the mSFI’s relationship with

aging-related health outcomes and mortality.
Reproducibility

We demonstrated reproducibility by conducting the experiments in Collinge et al. [44] at multiple sites with
unique research animal services departments and resources. Specifically, the mSFI was performed in multiple
testing sites at the University of Minnesota (Bartolomucci, Niedernhofer, and Pacak Labs) and at the University

of Wisconsin-Madison (Lamming Lab).

General notes and troubleshooting

General notes

1. The mSFI was initially validated for application in C57BL6 mice, the most commonly used inbred laboratory
mouse strain [44]. We have demonstrated the validity of the mSFI for application in other strains through our
usage of Ercc 7%, Xpg”", and their wild-type strains [44].

2. In case pooled intact male and female strain-matched urine cannot be obtained from a vendor, fresh urine
can be obtained in-house (see [62] for a review on urine collection methods), with the urine in a 1:1 female-to-
male ratio. Proper storage practices should be followed to ensure the viability of urinary stimuli.

3. Although the mSFI requires behavioral testing environments constructed using caging materials common to
most animal research facilities, the demand for fulfilling the caging needs of the mSFI varies with the number
of mice being tested. If the number of mice being tested is high, we recommend setting up cage arrangements
far in advance.

4. There is no specific number of observers to conduct the mSFI, and an absolute optimal number of observers
depends on a plethora of factors that differ between laboratories and experiments. However, we have found
that, in our laboratory, a maximum of 15 mice per observer works well to balance efficiency with practicality
in the administration of the mSFI. Execution time will vary depending on resources, expertise, and number of
mice. We have provided examples of administration times for each item of the mSFI assuming two experienced
observers testing 20 mice.

5. mSFI scores are based on the extent of deviation from mean quantitative scores obtained in an initial
normative sample of young adult mice. Due to this quantitative design, the mSFI will only be as good as the
normative sample used to derive it. Therefore, it is imperative that the normative sample used to derive mSFI

scores matches the experimental sample in sex and strain [63]. Just as for the widely used 31-item Clinical
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Frailty Index [28], there is no gold standard for the size of the reference sample for the mSFI. Previous work
[44] used sample sizes between 4 and 14.

6. The deficit accumulation model of frailty posits that the more health deficits individuals accumulate, the
more at risk they are of adverse outcomes [64]. Deficit accumulation-based indices (including the mSFI) quantify
a proportion of deficits present out of those measured to account for the number of deficits examined. As such,
the more items included, i) the better an index distinguishes between graded levels of deficit accumulation, ii)
the less susceptible it is to ceiling effects whereby high levels of frailty are reached by the presence of a few
deficits, and iii) the more useful it will be in capturing meaningful differences in aging [28,45,65]. Deficit
accumulation-based indices of physical frailty in both humans and mice commonly include 20-30 items
[22,28,45,65]. Social behavior can be very time intensive and disruptive to measure in mice. Those concerns
are only amplified in longitudinal experiments relevant to aging research that involve large cohorts and repeated
measurements. Including many items (e.g., > 30) would render the mSFI unwieldy. The mSFI is optimized with
seven commonly used behavioral tests across multiple domains of mouse social behavior to balance parsimony
with high-throughput data and minimize the behavioral and physiological impact of the index while ensuring
its large-scale application. Notably, i) a graded increase in social frailty was seen across the lifespan, ii) ceiling
effects were not observed in application, with a submaximal limit in the mSFI at 0.57, below the 0.7 limit
commonly observed in human frailty indices [66,67], and iii) the mSFI was sensitive to progeria-induced
acceleration of biological aging [44].

7. To facilitate interrater reliability and accurate use of the mSFI, it is recommended that observers i) be well-
versed in standard mouse behavioral testing practices, and ii) practice observing and scoring each item of the
mSFI in a low-stakes environment prior to administration. Such standard mouse behavioral testing practices
include but are not limited to limiting sudden noises, lighting changes, and vibrations, avoiding the use of
fragrances, use of proper PPE, habituating mice to testing environments, and conducting proper handling
practices. To practice observing and scoring items of the mSFI, new observers can be trained during a live
administration of the mSFI (i.e., coding observations “over the shoulder” of an experienced observer) or via
behavioral recordings of the mSFI outside of live administration that have already been observed and scored by
an experienced observer. In case mSFI items will be recorded for practice purposes, adequate permission should
be obtained from institutional ethics committees. In either method, results from new observers should be
compared with those of experienced observers via ICC and reach a good-to-excellent agreement in all items of

the mSFI (for reading on ICC analysis, see [68]; for commonly cited ICC cutoffs, see [52]).

Supplementary information

The following supporting information can be downloaded here:
1. Behavioral coding sheet for instantaneous sampling.

2. Spreadsheet template for automated mSFI computation.
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