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Abstract

Frailty is a major cause of disability and loss of independence in the elderly. Using clinically
relevant criteria from our previously established mouse frailty index, we investigated the effects
of aerobic exercise on frailty in male C57BL/6 mice. In order to measure the effect of treatment
on the individual animals, we constructed a composite score, the Frailty Intervention Assessment
Value. We hypothesized voluntary aerobic exercise would improve individual criteria and reverse
or prevent frailty in the old mice. Five adult and 11 old mice (6 and 28+ months, respectively)
were housed individually in cages with running wheels for 4 weeks. Controls (adult, n = 5 and
old, n = 17) were housed without wheels. Inverted cling grip and rotarod tests were performed
pre- and postintervention. Hind limb muscles were used for biochemical analysis and contractility
experiments. We conclude that the exercise stimulus reversed frailty and was sufficient to maintain
or improve functional performance in old mice, as well as to produce measurable morphological
changes. In addition, the Frailty Intervention Assessment Value proved to be a valuable tool with
increased power to detect treatment effects and to examine the intervention efficacy at the level
of the individual mouse.
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It is well known that frailty commonly occurs with advancing age
and is a major cause of disability and loss of independence in the
elderly. Frailty is also associated with poor health outcomes such as
falls, hospitalization, long-term care admission, and mortality (1-3).
Many investigations have examined the efficacy of exercise interven-
tions aimed at improving functional measures that are associated
with frailty, such as muscular strength and muscle mass. The ability
of resistance exercise to improve strength, mass, and physical func-
tion is well documented (4-6). However, the ability of aerobic exer-
cise to elicit significant functional and morphological improvements

in old skeletal muscle is not as well characterized. Furthermore, few
if any studies have used aging mouse models to investigate the effects
of aerobic exercise on specific frailty criteria that are commonly used
in clinical practice.

Aging mouse models have become an important research tool
through which to characterize the etiology of sarcopenia and frailty,
as well as to test potential interventions. While various definitions of
frailty and its criteria exist (2,3,7) we chose to apply an operational-
ized frailty definition, as described in our previous work (8) which
used criterion measures as set forth by Fried and colleagues (1) and
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validated by Bandeen-Roche and colleagues (9). In this definition,
frailty is conceptualized as a syndrome, characterized by loss of mus-
cle mass and strength, decreased mobility, increased weakness, and
low energy expenditure (1,8,9). Then, we sought to use old mice as
a model of aging, and use aerobic exercise as a possible intervention
for the prevention and treatment of age-related frailty using mouse-
specific analogs of the criteria specified as clinical human measure-
ments of frailty (8). The Liu and colleagues mouse frailty index (FI)
(8) uses the maximum rotarod speed (in revolutions per minute
[RPM]) in place of walking speed, the inverted cling grip test (in
seconds) instead of the hand/grip dynamometer reading for strength,
an endurance score (mean of the time on the rotarod and grip test in
seconds) to substitute for the exhaustion questionnaire, and the aver-
age kilometers run per day on a voluntary wheel running (VWR) for
activity level. The cutoff points for the determination of frailty were
1.5 SD lower than the mean value of the criteria. An animal having
three or more criteria below the cutoff point was considered frail,
those with two were considered mildly frail.

While there have been other attempts to quantify frailty in the
mouse model (7,10,11), ours (8) is the only adaptation of a clinical
trailty phenotype as described in humans and assessed in a common
mouse model of aging (C57BL/6). Walston and colleagues (10) did an
admirable job with identifying a rodent model that mimicked human
frailty, the IL-10 knockout mouse, with the presence of chronic inflam-
mation. The other two published studies (10,11) focused on quanti-
tying frailty are based on deficit accumulation, not phenotype, and
include numerous invasive measures and/or highly specialized equip-
ment and techniques. In Liu and colleagues (8), we sought to use sim-
ple, noninvasive outcome measures employing commonly available
and affordable equipment to quantify a frailty phenotype and called
it a FL. Thus, we might well refer to it as a clinically relevant frailty
phenotype index to distinguish it from deficit accumulation indices.

In order to assess whether or not an intervention has a significant
and clinically relevant effect, it is common to create a composite
assessment tool, which provides greater sensitivity to detect change
that is not possible with individual determinant factors alone. For
instance, the Barthel index is used as a measurement of activities of
daily living to assess functional independence in the field of long-
term rehabilitation (12). Therefore, in the present study, we aimed
to develop a composite score for mice—the Frailty Intervention
Assessment Value (FIAV), which measures the combined distance in
standard deviations from the mean of all the criteria by summing
the standard values, and defined it as the difference from baseline
(FIAV1) to postintervention (FIAV2). Thus, the overall effect of an
intervention can objectively be determined. Of course, the standard
scores of individual criteria, or the means of groups, can also be
examined separately to determine what effect the intervention had
on each determinate or group.

There were three main goals in this study. The primary goal was
to determine if the exercise intervention reversed frailty, as measured
by our FI and its criteria. The second major goal was to develop an
assessment score (the FIAV) to describe improvement at the indi-
vidual mouse level. The third major goal was to determine if the
exercise stimulus was sufficient to stimulate contractile, morphologi-
cal, and metabolic changes in the hind limb muscles of the old mice.

We hypothesized that the voluntary aerobic exercise intervention
would improve the functional capabilities representing frailty indica-
tors in elderly humans, of the old mice, and that this improvement
would translate into a measurable improvement on our FL In addi-
tion, we further hypothesized that: (i) most animals would improve
on an individual level, as measured by the FIAV, (ii) there would be a

greater response overall to the intervention in the younger animals,
and (iii) the exercised mice would demonstrate greater skeletal mus-
cle contractile function and positive morphological and metabolic
changes postintervention than control mice.

Methods

Animals

Thirty-eight C57BL/6 male mice (10 adult, 6-8 months and 28 old,
28-30 months, NIA Aging Colony) were housed under a 12-hour
light/dark cycle at 20°C in specific pathogen-free facilities. The mice
had ad libitum access to Purina Rodent Chow and water, and were
acclimated for 7 days prior to initiating the experimental protocol.
The control animals were group housed without access to running
wheels for the duration of the experiment and the exercise mice were
individually housed with a running wheel over the 1-month interven-
tion period. The body mass of the mice did not change over the course
of the intervention and there was no statistical difference between
groups either before or after the training period (Table 1). The base-
line frailty indices and criteria scores of the older exercise mice were
reported in a previous publication (8). All procedures conformed to
the University’s guidelines on experimental animal research.

General Experimental Protocol and Exercise
Intervention of VWR

The study design is shown in Figure 1. All mice underwent base-
line testing before being randomized into exercise or control groups
by age. Five adult and 11 old mice (exercise groups) were housed
individually in Lafayette Activity Wheel Cages (#80820F/ 86060;
Lafayette Instruments, Lafayette, IN) outfitted with running wheels
and optical sensors that counted the wheel revolutions. Mice in the
wheel cages ran ad libitum for 4 weeks. The total wheel revolu-
tions for the exercise animals were recorded daily and converted to
kilometers/d (1 rev = 0.4 m), and then the mean daily distance per
week was calculated. The 4-week time period was chosen because 4
weeks of exercise have been shown to be sufficient for detecting sig-
nificant physiological and morphological adaptations in the skeletal
muscles of adult mice (10,11). Five adult and 17 old mice served as
age-matched controls and were housed without wheels for 4 weeks.

Evaluation of Frailty —FlI

To determine the frail animals in the old group, we used the FI as
described in our previous work (8). Briefly, the mean score of each
frailty criterion was calculated before the VWR intervention, and a
cutoff point was determined in each criterion (grip, rotarod, activ-
ity level, endurance). The cutoff point was defined as 1.5 SD below
the mean (approximately the bottom 7%) for each criterion. After
intervention, each animal had a new score for each criterion but
used the same cutoff point as before training. Frailty was defined if
three or more of the criteria measures were below the cutoff point,
whereas mild frailty was designated if two criteria fell below the
cutoff.

Evaluation of Frailty —Frailty Criteria

In order to evaluate the degree of frailty before and after the exercise
intervention, four measures were used as criteria for generating the
FI in each mouse. The criteria included: (i) inverted cling grip test
(overall muscle strength and endurance), rotarod rpm (overall neu-
romotor function, walking speed), physical activity (mean km/wk of
VWR), and a derived endurance score (mean of maximum time on
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Table 1. Body Mass and Frailty Criteria Data and Post-hoc Results

Adult (A) Old (0) Adult vs Old
Control (C) Exercise (E) ACvs AE Control Exercise OCvs OE ACvs OC AE vs OE
Mean = SD Mean = SD* p Value Mean = SD* Mean = SD* p Value p Value p Value
Mass* - 32.8+0.423 - 32.5+2.38 34.9 3.0 .074 - 153
Masst 31.7+2.84 30.8+1.36 .584 32.8+2.14 32.2+3.6 552 43 .338
Mass dif. - -2.02+1.92 - -0.2113+1.23 -1.41+1.97 .189 - 546
Grip* (s) 99.8+51.3 64.2+30.9 162 83.9+49.4 98.5+45.2 526 671 .095
Grip' (s) 197.2+94.4 161+72.0 246 65.1+39.8 122.6+61.5 .022 <.001 .368
%Dif grip 220.4=140.6 330.7+299.4 184 97.0+56.4 150.9+101.4 281 .069 .015
Rota* (rpm) 18.0+4.5 12.3+1.8 <.001 11.1x2.2 9.6x1.8 .064 <.001 .084
Rota® (rpm) 14.3+4.6 18.8+1.9 .070 12.1+4.3 12.8+2.1 775 .355 .007
%Dif rota 80.5+20.0 156.1+30.0 .001 110+32.4 137.8+30.9 .029 .069 298
Endurance® (s) 108.7+14.8 67.3£17.7 .005 72.6+28.8 73.5£27.2 857 .014 .36
Endurancef (s) 50.0+20.9 142.7+37.5 <.001 40.7+19.7 99.2+34.7 <.001 .808 .008
%Dif endurance 46.1+17.3 224.3+83.5 <.001 61.2+30.1 152.6+75.4 <.001 .627 .021
Activity* (km/d) - 3.8+0.733 - - 1.53+0.234 - - <.001
Activity! (km/d) - 4.89x2.42 - - 1.55+1.333 - - .006
%Dif activity - 137.3+90.2 - - 91+42.7 - - 246
FIAV* (SD) 0.002+1.52 -0.002+2.32 .759 0.0+2.59 0.3836+3.28 935 .663 412
FIAV? (SD) -1.416+3.62 12.49+5.42 <.001 -1.04+2.90 3.41+3.49 .001 43 <.001
FIAV -1.42+3.45 12.49+4.72 <.001 -1.037+1.97 3.026+2.23 .001 625 <.001

Notes: Post-hoc results are from two-way ANCOVA (least significant difference, adjusted for body mass postintervention) for the criteria (rota = rotarod,
grip = inverted cling grip test) and FIAV (Frailty Intervention Assessment Value), and from ANOVA for body mass. AC = adult control; AE = adult exercise; AN-

COVA = analysis of covariance; ANOVA = analysis of variance; %Dif = percent change from baseline at postintervention; N/A = not applicable (not collected);

OC = old control; OE = old exercise; rpm = revolutions per min; - = not collected or not applicable.

*Baseline measurement.
Postintervention measurement.

- Functional Wheel running {or no wheel access) Functional  Physiological
Acclimatize tests: tests: and
Grip, rotarod, Grip, rotarod, morphological
Frailty Index Frailty Index analyses
Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8

Figure 1. Experimental protocol. After acclimatizing for 1wk, functional performance testing of inverted cling grip and rotarod was performed. Mice were then
randomized into exercise or control groups by age. Each mouse was evaluated for frailty using the frailty index, using the four criteria (grip strength, walking
speed, physical activity, and endurance score). Mice in the exercise groups were housed individually in running wheel cages for 4wk, while age-matched
controls were housed in standard cages without wheels. Wheel revolutions per 24-h period were recorded daily. The same functional tests and frailty index were
evaluated in each mouse after the 4-wk period. In wk 8, the mice were sacrificed and hind limb muscles were harvested for biochemical and histological analysis

and whole-muscle contractility experiments.

rotarod and grip test). Each test was performed both before and after
the training intervention. The Supplementary Methods section and
our previous work provide further details (8,13).

Inverted Cling Grip Test (Grip Strength)

A custom-built device was used to measure this criterion. The mouse
was placed on a grid, which was gently inverted so that the mouse
had to cling to the grid while upside down to keep from falling to a
pad below. The amount of time before the mouse fell was recorded
and the mean of two trials was used as the outcome measurement.

Rotarod Test (Walking Speed)

Each mouse was placed on the cylinder of a Rotarod LSI testing
device (LSi Letica Rota-Rod R/S), which was set at a speed of 4 RPM
and accelerated to 40 RPM over 5 minutes. The speed (in RPM) at
which the mouse fell off the rotating cylinder was recorded, and the
mean of three trials was used as the outcome measurement.

Endurance Score

The inverted cling grip and rotarod also evaluate endurance in mice.
The endurance score was calculated from the mean time (seconds) of
the grip and rotarod test (endurance score [seconds] = [grip time +
rotarod time]/2). See the Discussion section for more details.

Physical Activity Level

The mice (exercise groups) were individually housed in the Lafayette
Activity Wheel Cages. The mean daily running distance (km/d) dur-
ing the first and the last week was used as the measure of physical
activity levels.

Determination of the Efficacy of the Training
Intervention at the Individual Animal Level —FIAV

The FIAV is a single number composite score that is used to com-
pare the effects of treatments on the frailty criteria at an individual
animal level (see Figure 2). FIAV condenses the information from the


http://biomedgerontology.oxfordjournals.org/lookup/suppl/doi:10.1093/gerona/glu163/-/DC1

1048 Journals of Gerontology: BIOLOGICAL SCIENCES, 2015, Vol. 70, No. 9

individual frailty criteria into one value. The FIAV was calculated by and afterward (FIAV2). FIAV2 represents the distance in standard
summing the standardized value for each parameter. For each crite- deviations from the mean of the baseline score of all the criteria, after
rion, both before and after the intervention, the distance in standard treatment. For example, a FIAV2 of four would mean that the mouse
deviations from the mean of the baseline of the sample animals was criteria scores were 4 total SD from the baseline mean of his cohort
calculated. The FIAV was calculated before the intervention (FIAV1) after treatment. Whereas, a FIAV2 score of —-2.5 would indicate that
Baseline (group) Scores from each criterion (individual mouse)
A Standardized value Standardized value
mean SD Raw score Raw score
(before) (after)
o
Grip strength  Xa Sba 3 al A1 S a2 A2
g 5
Walking speed  Xb SDb : b1 B1 3 b2 B2
g &
Physical activity  Xc SDc 3 cl C1 < c2 Cc2
Endurance score  Xd Sbd d1 D1 d2 D2
FIAV = FIAV2 - FIAV1 FIAV1 = A1+B1+C1+D1 FIAV2 = A2+B2+C2+D2

FIAV calculation in individual mouse
1. Calculate the mean (Xa, Xb, Xc, Xd) and SD (SDa, SDb, SDc, SDd) at baseline level in the same age group.

2. Calculate standardized values in each criterion based on the raw scores (before exercise: al, b1, c1, d1; after
exercise: a2, b2, c2, d2)

3. Calculate FIAV. FIAV1 = A1+B1+C1+D1, FIAV2 = A2+B2+C2+D2; FIAV = FIAV2 — FIAV1

B Walking Speed before intervention in adult mice
Normal Distribution Curve

Before : 13.00

6.02 8.07 10.12 12.17 14.22 16.27 18.32
Each interval equals to 1SD

Example of calculating standardized values

Calculate B1 and B2 in mouse A4 (in AE group):

Xb (baseline mean): 12.17

SDb (baseline SD): 2.05

b1 (score before exercise): 13.00

b2 (score after exercise): 16.33

B1 (Standardized value before) = (13.00-12.17)/2.05 =0.41
B2 (Standardized value after) = (16.33-12.17)/2.05 = 2.04

Figure 2. Calculation of Frailty Intervention Assessment Value (FIAV) in individual mice. The FIAV is a composite score that is used to compare the effects of
treatments on the frailty criteria at an individual animal level. (A) General process of FIAV calculation. To evaluate the FIAV, three steps are needed. Firstly, the
mean (Xa, Xb, Xc, Xd) and the standard deviation (SDa, SDb, SDc, SDd) of each criterion (grip strength, walking speed, physical activity, and endurance score) in
the same age group (AE or OE) are calculated. The second step is to calculate the standardized values using the raw scores from each mouse for each criterion,
al, b1, ¢1, and d1 (before exercise) and a2, b2, c2, and d2 (after exercise). Specifically, the standardized value equals to the difference between raw score and
the baseline mean in standard deviations. Lastly, the FIAV1 is the sum of all the standardized values before exercise (FIAV1 = A1+B1+C1+D1) and the FIAV2 is
the sum of the standardized values after exercise. The FIAV is the difference between these two values (FIAV = FIAV2 - FIAV1). (B) Example of calculation of
standardized values in walking speed of mouse A4.The baseline mean (Xb = 12.17) and standard deviation (SDb = 2.05) were calculated in the AE group before
intervention. The before and after walking speed scores (b1 and b2) of mouse A4 were converted into standardized values (B1 and B2) using the following
equations: B1 = (b1 - Xb)/SDb and B2 = (b2 — Xb)/SDb. A normal distribution curve in the AE group was generated based on the baseline mean and standard
deviation. The standardized values (0.41 and 2.04) represent the distance from the baseline cohort mean in standard deviations, which is shown in the normal
distribution curve. AE = adult exercise; OE = old exercise.
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the animal scored 2.5 SD below the mean after treatment. In this way,
the overall treatment effect was calculated for an individual mouse.
The control animals were assessed using a score of zero for the activ-
ity level criterion because we did not expose the control animals to
the running wheel. See the Discussion section for more details.

Muscle Physiology, Morphology, and Biochemistry
After behavioral testing, the mice were sacrificed and hind limb
muscles were used for biochemical and histological analysis and for
whole-muscle contractility experiments. The purpose of the meas-
urements was twofold: (i) to ascertain whether a 1-month period of
voluntary aerobic conditioning was a sufficient stimulus to alter the
parameters, and (ii) if so, to determine to what extent the muscles,
and not the nervous system, were affected. The soleus (SOL) and
extensor digitorum longus (EDL) were used for isolated whole-mus-
cle physiology to determine whether the exercise increased contractile
ability at the tissue level, and subsequent myosin heavy chain (MHC)
analyses to determine if there was a change in MHC isoform content.
The tibialis anterior (TA) was used for histochemical analyses of fiber
types and fiber cross-sectional area (CSA) to assess whether there was
an increase in muscle fiber size or a change in the muscle’s fiber type
composition. The plantaris was also used for measurement of per-
oxisome proliferator-activated receptor gamma coactivator-1 alpha
(PGC-1a), an indicator of mitochondrial biogenesis. A brief descrip-
tion of each procedure follows, with further details available in the
Supplementary Methods section, or in prior publications as noted.

Physiological Analysis—Muscle Contractility

The maximum isometric contractile force (P;), maximum velocity
(V...)> and maximal power (P__ ) were analyzed as described previ-
ously (13). Briefly, the muscles were kept viable in oxygenated Krebs
buffer, tied to a force transducer, and suspended between platinum
electrodes at optimal length. The muscles were then electrically stim-
ulated to examine P and velocity at percentages of P, which was

then used to derive P

Morphological Analysis—Fiber Size Identification

CSA of individual fibers were analyzed by using Image] analysis
software (National Institutes of Health, http://rsb.info.nih.gov/ij/)
to measure the circumference of hematoxylin and eosin-stained cry-
oslices of TA muscle.

Morphological Analysis—Fiber Type Composition

and MHC Analysis

To identify the fiber type composition transformation after inter-
vention in the adult and old groups, MHC isoforms were analyzed

by silver stain and immunohistochemistry. After homogenization,
MHC isoform expression of the SOL and EDL were determined
using sodium dodecyl sulfate—polyacrylamide gel electrophoresis
on 5% acrylamide gels and silver staining as previously described
(13). Additional cross-sectional slices of the TA muscles were immu-
nostained for type I (slow), fast, Ila, and IIb fibers, detailed in previ-
ous work (14).

Biomarker of Mitochondrial Biogenesis—PGC-1a.
Total relative content of PGC-1a, was measured in the plantaris
muscles via western immunoblotting (15).

Statistical Analyses

Differences were considered significant at p < .05 and a trend at p <
.010. Data are expressed as mean = SE, unless otherwise indicated.
Statistical analyses were performed using SPSS version 16.0 and 21.0
(IBM, Chicago, IL). Differences in means were examined using one-
way analysis of covariance (ANCOVA; for the activity criterion),
two-way analysis of variance (for physiological and morphological
measurements), and 2x2 ANCOVA, for all other measurements.
Differences between control and exercised old plantaris PGC-
la content, fiber type, and CSA were analyzed using independent
Student’s ¢ tests. In order to examine how the intervention changed
within subjects we used 2x2 x 2 repeated measures ANCOVA. All
ANCOVA were adjusted for body mass. A more detailed discussion
of the statistics used is found in the Supplementary Methods sec-
tion. Skew, kurtosis, and the results of Kolmogorov—-Smirnov and
Shapiro-Wilk goodness-of-fit tests for relevant data are reported in
Supplementary Table S1.

Results

Evaluation of Frailty—FlI

One mouse of the older age group was designated as frail at base-
line. This mouse had three of the frailty criteria (rotarod, grip test,
and endurance) below the cutoff point of 1.5 SD. A second mouse
was identified as mildly frail with two criteria (rotarod and endur-
ance) below the cutoff points. After the exercise intervention, no
animals were identified as frail (Table 2, and Figure 3, old mice; and
Supplementary Figure S1, adult mice).

Evaluation of Frailty—Frailty Criteria

The effect of the exercise intervention on the individual frailty criteria
is summarized in Tables 3 and 4. Table 3 describes the main effects/
interactions and Table 4 details both post-hoc analyses and the results
of repeated measure ANCOVAs. A detailed analysis of the individual

Table 2. Frailty Identification Using the Frailty Index (Liu and colleagues, 2013)

Frailty Criteria, Identify the Mouse Below the Cutoff

Frailty Identification

Grip Strength Walking Speed Physical Activity Endurance Score Frail Mildly Frail
Adult mouse ID Before — A2 — — None None
After — — — — None None
Old mouse ID Before 08,07 08 — 08,07 08 o7
After — — 010,09 — None None

Notes: The frailty index was used to identify frail mice. The frailty index is composed of four frailty criteria: grip strength, walking speed, physical activity, and

endurance score. Cutoff point is set at 1.5 SD below the cohort mean in each criterion. A mouse is identified as frail if three or more criteria fall below the cutoff

points. Mildly frail is defined as if two criteria are below the cutoff. Values in italics are criteria scores below the cutoff by individual animals.
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Figure 3. Effect of exercise (VWR) on frailty criteria in old mice. (A-D) Show the performance of individual mice in each criterion (grip strength, walking speed,
physical activity, and endurance score) before and after exercise. In each panel, the scores of individual mice and the group mean + SE before and after exercise
intervention are presented. The data points within the shaded regions represent the mice that fell below the cutoff points (1.5 SD below the baseline mean).
*Indicates significant difference from the group mean before intervention (paired t test, p < .05). The two frail mice are framed (O7 and 08). VWR = voluntary
wheel running.

Table 3. pValues for Main Effects of Age, Exercise, and the Age x Exercise Interaction on Percent Difference

Criteria 2x2 ANCOVA 2x2 x 2 Repeated Measures ANCOVA

Age Exercise Age x Exercise Age Exercise Age x Exercise
Grip .004* 094t .561 - - .026*
Rotarod - <.001* .045* - <.001* <.001*
Endurance - <.001% .040* - <.001* .001*
Activity? N/A N/A

Notes: p Values given for the repeated measures ANCOVA were from the within-subject test. Main effects reported with the caveat that with a significant age x
exercise interaction, the main effect is tempered by and depends upon the interaction. ANCOVA = analysis of covariance; - = no difference.

*Significant at p < .05.

th = .051-.100.

*Activity level was only tested in exercise groups; but the ANCOVA was not significant.

criteria, describing the statistical analysis of multiple factors of each a close examination of the data showed that exercise improved three
criterion is found in the Supplementary Results section. The values for of the four frailty criteria outcome measurements (rotarod, grip, and
baseline and postintervention testing are detailed on Table 1. Overall, endurance). Physical activity levels did not change significantly with
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Table 4. Post-hocTests: Effect of Intervention (VWR) on the Frailty Criteria (percent of change)

Adult (A) Old (0) Exercise Control
Control (C) Exercise (E) AC vs AE Control Exercise OCvs OE AE vs OE ACvs OC
(% Difference Mean = SE) (p Value) (% Difference mean = SE) (p Value) (p Value) (p Value)
Grip 220+63 331+134 .184 97+14 15131 281 .015* L0691
Rotarod 819 15613 <.001* 110=8 1389 .029% - L0691
Endurance* 46=8 22437 <.001* 58=+8 15323 <.001* .021% -
Activity’ N/A 13728 N/A N/A 91=19 N/A - N/A
n S 5 11

Notes: Statistical analysis from ANCOVA adjusted for body mass with least significant difference post-hoc testing. AC = adult control; AE = adult exercise;

ANCOVA = analysis of covariance; OC = old control; OE = old exercise; VWR = voluntary wheel running; - = no difference. 7 = number of animals per group.

*Significant at p < .05.
p =.051-.100.

*Endurance post-hoc was conducted using Holm-Bonferroni correction (less Type II error).

SActivity level was only tested in exercise groups; but the ANCOVA was not significant, therefore no post-hoc tests were conducted.

exercise. A brief overview of the main effects and the post-hoc test-
ing from the 2 x2 ANCOVA (adjusted for body mass) comparing the
means of the three criteria that changed follows.

Main Effects From 2x2 ANCOVA Comparisons of
Means of Criteria Measurements

For grip test, the adult mice performed better than the older mice
(main effect of age was significant). Exercised groups performed sig-
nificantly better than the control mice, overall, in both the rotarod
and endurance criteria and had a trend in the grip test (main effect
of exercise). The interaction between age and exercise was also sig-
nificant, between groups, in rotarod and endurance, indicating the
effect of exercise was modulated by age and vice versa. When each
mouse was examined using a 2x2 x 2 repeated measures ANCOVA,
exercise was a significant factor in rotarod and grip test, and the age
x exercise interaction was significant in all three criteria (rotarod,
grip, endurance). Main effects reported with the caveat that with a
significant age x exercise interaction, the main effect is tempered by
and depends upon the interaction. (Table 3)

Post-hoc Results From 2x2 ANCOVA Comparisons

of Means of Criteria Measurements

In the grip test, there was no significant difference between the adult
and old exercise groups at baseline (95% confidence interval, 64 =27
and 99 =27 seconds, respectively) (Table 1). The adult exercise group
improved their grip time significantly (331%), whereas there was no
significant difference in either of the old groups. It should be noted,
however, that the exercise old group did not decline in their grip time
(mean increase of 24 seconds), whereas the age-matched control
group did (mean decline of 19 seconds). In the rotarod scores, the
old mice improved (95% confidence interval: 138% = 18%) to the
same relative extent as the adults (95% confidence interval: 156 %
+ 26%). The endurance score changed significantly after the inter-
vention with improvement seen in both the adult and old groups.
Again, the adult animals improved much more than the old (95%
confidence interval: 224 +73% vs 153 £45%, respectively). (Table 4)

Evaluation of Treatment—FIAV

Table 5 summarizes the FIAV and the mean criterion standardized
scores (standardized scores being the distance in standard deviations
from the mean of each animal’s criterion value). Figure 4 highlights

the individual standardized criterion, FIAV per animal, and the
means. The control animals were not tested on the activity measure-
ments; thus, we calculated the control FIAV scores with a score of
zero for activity, as if all animals performed at the mean ability level.
This is discussed further in the Discussion section. Once again, main
effects reported with the caveat that with a significant age x exercise
interaction, the main effect is tempered by and depends upon the
interaction.

An examination of the main effects showed difference with age,
improvement with exercise, and an interaction between the two. Age
was a significant factor on FIAV (defined as FIAV2 - FIAV1), adult
mice perform 1000% better than old mice (main effect, change of
4.5+1S8D;p <.001). FIAV showed an improvement of 300% follow-
ing the exercise intervention (main effect, percentage change, mean
difference of 91 SD; p < .001). There was an interaction between
age and the exercise intervention with the FIAV (F = 24.159, p <
.001). The mean FIAV2 (representing the sum of the change after
treatment in standard deviations from the mean of all of the crite-
ria measured from the established baseline values) showed 410%
greater change in the adult exercised mice versus the old (12.5+2.4
and 3.0=0.7 SD, respectively, p = .009).

A pairwise comparison of the differences between the groups
showed FIAV improved substantially after treatment (3.0=0.7 and
12.5+2.1 SD for old and adult, respectively; p = .001), whereas
the control mice declined (-1.0+0.5 and -1.4+1.5 SD for old and
adult, respectively; p = .001). Notably, the range of the FIAV for
adult and old exercise groups was 5.5-17.8 and 0.7-6.3 (except for
one animal: -0.5), respectively (above statistics from 2x2 ANCOVA,
adjusted for body mass: F = 35.4, p <.001).

The above results for FIAV were confirmed when examining each
mouse (within-subject age, treatment, and age x treatment interac-
tion were significant, main effect age [F = 20.58, p < .001], main
effect treatment [F = 80.5, p < .001], and the interaction of age x
treatment [F = 24.2, p < .001], repeated measures general linear
model 2x2 x 2 ANCOVA, adjusted for body mass). In response
to the exercise intervention, the FIAV showed a clinically relevant
increase as demonstrated by effect size index and the standard-
ized response mean. The data demonstrated the adult mice had an
increased response to treatment in comparison to old mice (effect
size index [5.4, adult; 0.9, old] and standardized response mean [2.7,
adult; 1.4 old]). We noted that the FIAV of the adult mice had less
variation (coefficient of variation: 43%, adult; 102%, old); thus, the
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Table 5. Effect of Intervention (VWR) on the Frailty Criteria (differences from the standardized scores) and FIAV

Adult (A) Old (0) ANCOVA

Control (C) Exercise (E) ACvs AE Control Exercise OC vs OE AE vs OE

Mean = SE p Value Mean = SE p Value p Value
Grip 1.9+0.7 3.1+1.2 402 -0.4+0.2 0.5+0.4 .020* .026
Rotarod -0.8+0.4 3.6+0.7 <.001* 0.5+0.4 1.4+0.5 152 .001
Activity$ N/A 1.49+1.69 N/A N/A 0.15+0.33 N/A -
Endurance -2.5+1.7 4.3+1.0 .009* -1.1+0.2 0.9+0.3 <.001* .003
FIAV -1.4+1.5 12.5+2.1 .001* -1.0+0.5 3.0+0.7 <.001* <.001
n N N 17 11

Notes: The standardized scores represent the differences between post- and preintervention values in SDs. n: sample size. AC = adult control; AE = adult exercise;

ANCOVA = analysis of variance; FIAV = Frailty Intervention Assessment Value; OC = old control; OE = old exercise; VWR = voluntary wheel running; - = no

difference.
*Significant at p < .05.
SActivity level was only tested in exercise groups.

mice uniformly improved more in response to the exercise. In addi-
tion, 68% of the variability in the FIAV is explained by treatment,
the age group, and body mass of the animal (multivariable linear
regression; R = .82, 7> = .68, p = .001).

Case Studies of the FIAV (Description of Five Mice)

Two mice were identified as frail or mildly frail before the exercise
intervention (O8, O7), Figure 4A and C. The FIAV1 of the frail
mouse (O8) was -6.0 and following the intervention the FIAV2 was
0.1 (FIAV of 6.1). Notably, this mouse (O8) was not identified as frail
postexercise intervention. The mildly frail mouse (O7) started with
a FIAV1 of -2.5 and after exercising improved to a FIAV2 of -0.9
(FIAV of 1.60), also was not identified as frail after the intervention.

One mouse (O35) showed no improvement (FIAV of -0.5,
Figure 4A). Evaluation of the individual standardized scores showed
improvement in the rotarod (0.6) only (the grip test, =0.5; endur-
ance, -0.3, Figure 5C). Mouse O35 was not frail as defined by our FI
and had no criteria below the cutoff points.

There were two mice (010 and O9) with activity levels below
the cutoff point (0.37) after intervention, yet their FIAV improved
(Figure 4A). In fact one mouse (O10) had an overall improvement of
3.0 (from FIAV1 of 4.2 to FIAV2 of 7.2) and this mouse had the best
FIAV2 among the old mice. In contrast, the other mouse that was
below the threshold (O9) had an overall improvement of 0.9 (started
with a FIAV1 of -1.9 and finished with a FIAV2 of -1.0) and this
was the third lowest level of improvement of all of the old animals.
See Figure 4A and C.

Evaluation of Physiological, Morphological, and
Cellular Metabolic Changes

Overall, aerobic training for 4 weeks was able to produce significant
physiological and morphological changes.

Whole-Muscle Contractility and CSA—Benefits of
Exercise Intervention

Peak tetanic force (P,) in EDL muscle was higher in the adult
exercise group compared with the old exercise group (382=46 vs
303+20 mN, p < .05), and the effect of age was significant (p <
.05) (Supplementary Figure S2A). Isolated whole-muscle physi-
ological CSA was greater in adult mice compared with old mice
(1.1£0.12 vs 0.85+0.06 and 0.86+0.16 mm?, respectively; p

< .05) (Supplementary Figure S2B). No significant differences
between groups were found for maximal power (P_ ) in the EDL
(Supplementary Figure S2C).

In SOL, P_ was higher in the adult exercise group compared with
adult and old control groups (243 +14 vs 19020 and 163+9 mN,

respectively; p < .05) (Supplementary Figure S2D). Main effects of

mas)

age as well as exercise were significant (p < .05). Consistent with the
greater force generation, isolated whole-muscle physiological CSA
of SOL was also greater in adult exercise compared with control
(1.1£0.15 vs 0.9+ 0.05 mm?, p < .05), and the main effect of exercise
was significant (p <.05) (Supplementary Figure S2E). P was signif-
icantly lower in old mice compared with adult mice, with significant
main effects of age as well as the age x exercise interaction (p < .035)

(Supplementary Figure S2F).

MHC Isoform Expression in Isolated SOL and EDL
Muscles

In SOL, no significant differences were found in MHC isoform
expression for type I, Ila/x, or IIb isoforms, although there was a
trend for an age effect in the type IIb (p = .07; data not shown). In
EDL, a significant increase in ITa/x isoform was found in adult exer-

cise group compared with adult control group (p < .05) (Figure SA
and B).

Fiber Type Percentages and Fiber CSA in the TA

In the old exercise group, the type IIb percentage is decreased while
the type IIx is increased (p < .05) (Figure 6A). Age x exercise interac-
tion was also significant (p < .05). The percentages of type Ila and
hybrid fibers were not different between groups.

The CSA of the type Ila fibers was significantly smaller in the
old exercise group compared with the control group (p < .05)
(Figure 6B and C). In the type IIb fibers, CSA was significantly
larger in both adult groups (control and exercise) compared with
the old groups (control and exercise), and the effect of age was
significant (p < .035).

PGC-1a Content

Total PGC-1a relative content in the plantaris was 61% signifi-
cantly higher in the old exercise group compared with the con-
trol group (p = .016), relative abundance 116 to 71, respectively
(Supplementary Figure S3).


http://biomedgerontology.oxfordjournals.org/lookup/suppl/doi:10.1093/gerona/glu163/-/DC1
http://biomedgerontology.oxfordjournals.org/lookup/suppl/doi:10.1093/gerona/glu163/-/DC1
http://biomedgerontology.oxfordjournals.org/lookup/suppl/doi:10.1093/gerona/glu163/-/DC1
http://biomedgerontology.oxfordjournals.org/lookup/suppl/doi:10.1093/gerona/glu163/-/DC1
http://biomedgerontology.oxfordjournals.org/lookup/suppl/doi:10.1093/gerona/glu163/-/DC1
http://biomedgerontology.oxfordjournals.org/lookup/suppl/doi:10.1093/gerona/glu163/-/DC1
http://biomedgerontology.oxfordjournals.org/lookup/suppl/doi:10.1093/gerona/glu163/-/DC1

Journals of Gerontology: BIOLOGICAL SCIENCES, 2015, Vol. 70, No. 9 1053

A FIAV in exercised mice B Changes in Frailty Criteria — Adult mice
- %k
Mean of old I 3* s A2(-33) )
R %]
2 At06) E—— ,
= \
A2(-3.3) ‘ 10.76 o AL(02)
: 3
A4 (-0.6) ‘ 15.44 Eg A5 (0.5)
| S
A1(0.2) ‘ 17.78 A3(3.2) ‘
A5 (0.5) 5.47 -2.50 -0.50 1.50 3.50 5.50 7.50
. A3(32) ‘ 13.00 Changes in Frailty Criteria — Old mice
%\ 1 C
P Mean of old
= J
L
: —
()
3 | 07(25)
3 07 (25)] e
011(-1.1) 3 011(11)
o
|
=—
04 (1.0) = —
: @ 04(L0) =
2 —
o
20 £ o J—
06 (3.0) 06 (3.0) _
03 (3.5) 03 (3.5) -
01 (4.0) 01 (4.0) i
.00 4.00 9.00 1400  19.00 250 2050 1.50 3.50 5.50 7.50

OMean of adult @Meanofold DAdult EOIld M Grip strength W Walking speed [ Physical activity B Endurance score

Figure 4. Effect of exercise on Frailty Intervention Assessment Value (FIAV). (A) FIAV in exercised mice. White bars represent the mean FIAV in adult and old
mice. Mice from exercise groups are ranked based on the FIAV before exercise (FIAV1) from low to high within each age group. Light gray bars: adult; dark gray
bars: old. Each bar indicates the FIAV difference between pre- and postexercise from each mouse, with the FIAV presented at the end. *Indicates significant
improvement in FIAV within group. **Indicates significant difference between age groups. (B and C). Effect of exercise on standardized values of each criterion
in adult (B) and old (C) mice. Mice from adult and old groups are ranked based on the FIAV1 (FIAV before exercise) from low to high. Each bar represents the
change (standard deviation from the baseline cohort mean) in each frailty criterion (grip test, walking speed, physical activity, and endurance score) following
intervention. The top row in each panel shows the mean changes in age group. (B) After 1 mo of exercise (VWR), grip strength, walking speed, physical activity,
and endurance score improved 3.13, 3.61, 1.48, and 4.27 (SD) in adult mice, respectively (top row). (C) In old mice, the four criteria improved 0.53, 1.40, 0.03, and
0.94 (SD) after exercise, respectively (top row). Five mice are highlighted for case studies.The two frail mice (07 and 08) identified as frail before the intervention
are highlighted in the gray boxes. Mouse 05, which is circled, did not show improvement in the FIAV. Mice 09 and 010, highlighted in white boxes, had activity
levels below the cutoff point after the exercise intervention yet showed improvement in the FIAV. VWR = voluntary wheel running.

Discussion voluntary aerobic exercise would be considered a valid intervention
to reverse frailty.

The first key finding of this study was that 4 weeks of VWR was
sufficient to reverse frailty as defined by the FI of Liu and colleagues
(8). The second key finding was that the FIAV is a valuable assessment
tool for identifying the efficacy of an intervention at the individual
animal level. Third, aerobic exercise maintained or improved four key
functional indicators of frailty: grip strength (grip test), walking speed
(rotarod), exhaustion (endurance), activity level (VWR), and the com-
posite FIAV. Finally, we also demonstrated that significant morphologi-

This study was designed to evaluate the efficacy of voluntary aero-
bic exercise in preventing or reversing frailty, and to construct a
composite outcome measure (FIAV) to determine the treatment
effect at the level of the individual. This study also investigated
whether VWR for 1 month was sufficient to stimulate contractile,
morphological, and metabolic adaptations in the hind limb muscles
of mice. We hypothesized that VWR would improve indicators of
frailty (FI, FIAV, individual frailty criterion) in the old mice, there
would be improvement in muscle contractility, and finally the treat-

. . cal and metabolic changes occurred in response to exercise in the mice.
ment would result in muscle morphological changes. Therefore,
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Figure 5. Myosin heavy chain IIA/X and IIB isoform protein expression in the EDL. (A) EDL MHC IIA/X. *Adult exercise vs adult control (p <.05). (B) No significant
differences were found in EDL MHC 1IB isoform expression (there were no detectable MHC | isoforms). Main effect analyses were determined by two-way
ANOVA and post-hoc analysis was performed with the t test. Representative bands from silver-stained gel. ANOVA = analysis of variance; EDL = extensor
digitorum longus; MHC = myosin heavy chain; Rel. Ab. = relative abundance.

Frailty Index
While human frailty classifications exist, the ability to assess func-
tional measures of frailty in the C57BL/6 aging mouse model is an
important step in testing interventions that aim to improve or pre-
vent frailty in the elderly. Recently, Liu and colleagues (8) created
a FI based on human clinical assessment criteria (1). The strength
of the FI lies in its ability to assess functional ability quickly, easily,
and noninvasively. Using this index, prior to the intervention 9% of
the mice were frail, which is consistent with the 9.5% human frailty
prevalence as reported by Fried and colleagues (1) in 75-79 years old
subjects (this is the equivalent age in human years of our mice—at
28 months or 50% survival) (13). After 4 weeks of voluntary aerobic
activity, the frail mice had their functional ability rescued (nonfrail).
In humans, previous studies have shown that functional ability
can be restored through exercise. The seminal study by Fiatarone
and colleagues (4) demonstrated that resistance training in the oldest
old and frail can restore physical function; individuals who utilized
mobility assistance devices had remarkable transformations (eg, put-
ting aside walkers and canes at the study’s conclusion). Numerous
studies have since confirmed the ability of resistance training to
restore function and reduce symptoms of sarcopenia by increasing
muscle mass and strength in older adults (16-19). There has been
less exploration into the ability of aerobic training to restore func-
tion (16,18,20). The current study shows that even the weakest and
most frail mice have the potential to improve markedly with aerobic
exercise.

Frailty Criteria

The FI was composed of four individual criteria, which were selected
to match human clinical measurements as we discuss extensively in
our previous work (8). A brief discussion of the criteria follows:

Inverted cling grip test
This is a well-documented assessment of strength and endurance that
in practice, is very similar to the human assessment of the bent-arm

hang (a physical fitness measurement use by the U.S. Marine Corps)
in which a marine holds their bodyweight for as long as they can
while suspended from a bar with arms bent to 90° at the elbow
(13,21).

Rotarod

The rotarod test has been used for decades to evaluate overall motor
function (13,22). It is a measurement of co-ordination, balance,
endurance, walking speed, and power production. The mouse must
continually increase the velocity that it runs (produce more power to
increase gait speed) without falling from the spinning rod (balance
and coordination).

Endurance

For the endurance score we combined the time element of two dis-
tinct criteria, each having elements of endurance: the inverted cling
grip test and the rotarod measurement. In our previous work, we
showed that there is no correlation between the grip test and rotarod
(nonsignificant, R = .33, p = .323; also no significance in the current
study, R = .147, p = .378). Thus, combining the two scores creates a
relatively independent third measurement (13).

Physical activity level

The measurement of VWR to describe activity level is apt because
this criterion measures the distance the mice move, in kilometers,
beyond activities of daily living (ie, moving around the cage). The
mice have the option to simply ignore the wheel and remain sed-
entary. There was a significant difference in wheel running volume
between the adult and old groups, suggesting a reduction in activity
level with age. This is in agreement with the literature and gives fur-
ther validation to the measurement (23,24).

While each of the criteria has its own merit and measures differ-
ent components of frailty in its own way, individually each criterion
is not sufficient to diagnose frailty in mice, which is consistent with
the human literature (1,2,9). This is the rationale supporting our FI
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(8), which detects the presence or absence of frailty, using multiple
assessments. Because our long-term goal is to develop interventions
to alleviate, prevent, or reverse frailty, there exists a need for an
assessment tool, most realistically a composite score, to detect treat-
ment efficacy. A frailty intervention assessment score, as a composite
scoring system, has increased power to detect changes resulting from
the intervention because it takes into consideration the totality of
change in each mouse, not just changes in an individual parameter.

Frailty Intervention Assessment Value

In the current study, the FIAV was shown to be a valuable tool with
which to assess intervention efficacy. While the FI can show whether
an animal is frail or not, the FIAV, as a composite score, can more
powerfully describe the degree of efficacy of an intervention, both to
an individual animal or to a cohort overall. Composite scoring sys-
tems are commonly in use as a tool for many clinical or experimental
assessments. For example, in the fields of stroke rehabilitation and in
geriatric medicine, the Instrumental Activities of Daily Living scale is
routinely used to assess disability level (25,26). In physical therapy
rehabilitation, another popular composite scale used is the timed
movement battery to assess mobility (27).

Using the FIAV we were able to determine that, while both exer-
cised cohorts improved, the adult animals received more benefit
(mean FIAV: adult, 12.5+2.4 SD; old, 2.9+ 0.7 SD). The control ani-
mals in both groups actually declined in ability (mean FIAV: adult
-1.4+1.6 SD; old -1.0+0.5 SD). In agreement with this, the effect
size index and the standardized response mean were also higher
in the adult group, leading us to conclude that the adult animals
received far more benefit from the intervention than the older mice.
This conclusion is consistent with the literature concerning exercise
response in older subjects (28). Indeed, more investigation is neces-
sary to evaluate if the older animals would benefit by running more
(volume increase) since they ran much less than the adults.

The FIAV was sensitive to detecting change between groups.
Similar to how there is increased power in a repeated measure analy-
sis of variance (because the change within each animal is examined
in the within-subject comparison), the FIAV examines the change
in each mouse and compiles the totality of change of the criteria. In
addition, an advantage is gained because both extreme and nonre-
sponders can easily be documented—opening up additional avenues
for exploration (ie, mechanisms of response).

Overall, there are three main advantages to using the composite
FIAV developed here: (i) is a more powerful detection tool than the
individual criteria alone, (ii) gives a snapshot of how the intervention
affected the individual animal and to what degree, and (iii) shows
what effect the treatment had overall to the experimental cohort.
Furthermore, we believe that the approach used to construct the
FIAV is easily adapted to any sort of index measurement by carefully
considering the validity of each measurement to be included and the
overall validity of the constructed composite score.

Physiology and Morphology

Although it is well known that resistance exercise elicits significant
improvements in strength, muscle mass, and physiological function
in elderly individuals, even into advanced age (4,16-19,28,29), aero-
bic exercise such as brisk walking or jogging is often a preferred
mode of exercise due to its simplicity and practicality. In elderly
humans, moderate aerobic exercise training has been shown to
increase the percentage and CSA of type Ila fibers in the gastrocne-
mius in response to 10 months of walking or jogging exercise (30).

Previous studies established that 4 weeks of VWR exercise is suf-
ficient to induce positive physiological and morphological adapta-
tions in mice (31-34) and are consistent with the findings of the
current study. Specifically, the SOL showed improved contractile
function and evidence of hypertrophy after the exercise interven-
tion, though the EDL did not. This was not surprising because the
SOL, a plantar flexor, received direct stimulation from the exercise
(training specificity), whereas the EDL was only indirectly affected.
The moderate correlation between the force generating capacity of
the SOL muscle and the frailty measurements of rotarod, endurance,
and FIAV (R = .43, .50, and .59, respectively) demonstrates the sig-
nificance of this muscle in functional movements.

We found evidence of age-related atrophy at the whole muscle
and single fiber level, which was not rescued by the intervention.
This was also not surprising because aerobic exercise is not known
to result in vast hypertrophy, particularly in type IIb muscle fibers.
However, we did find a phenotype shift in the EDL myosin expres-
sion and TA fiber type composition, indicating the exercise stimulus
resulted in changes consistent with the literature (34-37).

Cellular Metabolism: PGC-1a Content as a

Biomarker

Aging is associated with not only loss of muscle mass and strength,
but, also, with a decline in metabolic quality (38). PGC-1a func-
tions as a transcriptional activator that mediates cellular respira-
tory function and serves as a biomarker of mitochondrial biogenesis
(34,39,40). Our finding that the old exercised mice had 61% greater
total PGC-1a content suggests that the metabolic quality of the mus-
cle in the old exercised mice may have improved, as would be an
expected result of aerobic exercise. Thus, overall, this intervention
may improve not only functional parameters associated with frailty
in old mice, but also morphological and metabolic outcomes as well.

Caveats to Consider

In the current study, there are three caveats worth discussing cen-
tered on the research design. First, the FI and body mass were not
determined in all animals: The control mice were not tested for activ-
ity rate, which is one of the frailty criteria, because of the possibility
of a training effect resulting from the activity test itself. Therefore,
it was not possible to assess the control mice for frailty. As a result,
we designated the control animals to have a score of zero for activity
on the FIAV, indicating no change. In future investigations, using a
3-day testing period, rather than the 1 week to determine the activ-
ity score (8), may provide less chance of a detectable exercise effect,
and allow for control mice to be scored for activity; therefore, sub-
sequently, receiving a frailty evaluation. In respect to body mass, we
did not collect initial body mass for five control young, nine control
old, and four exercise old. Although, based upon analysis of the mice
for which we have body mass measures, (eight control old, five exer-
cise young, and seven exercise old), there is no statistical difference
in mass either between groups or between baseline mass and final
mass (Supplementary Table S1). In future studies, especially if the
training intervention is of longer duration, it would be advantageous
to have these measures.

Second, the use of VWR in both the FI (as a criterion) and as
the exercise intervention has potential to weaken the study design.
Foremost, VWR is an easy way to determine activity levels and is
part of the published FI (8). Because the goal of the current study
was to test a voluntary aerobic exercise intervention, wheel run-
ning was the logical choice. Hence, the rationale for the selection
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is logical; however, a stronger research design would have identi-
fied a different means for aerobic exercise (eg, treadmill running, or
swimming).

The last caveat in the current study involves the selection of
the outcome measure for testing the criteria of endurance in our
FI. Currently, the outcome measure for the endurance criteria is a
combination of two independent measurements (latency to fall of
rotarod and grip test). Endurance score is moderately correlated to
both rotarod and grip, R = .66 and .69, respectively. Thus, we sug-
gest that another possible outcome measure for endurance might be
treadmill running to exhaustion. Treadmill running to exhaustion
(time) meets the proposed index criteria of being noninvasive and
easy to apply.

Overall, the FI may well be called the frailty phenotype index
because it is based upon the human frailty phenotype. The four crite-
ria of walking speed, grip strength, physical activity level, and endur-
ance, as published (8), can be tested by numerous outcome measures.
One obvious example would be adding dual X-ray absorptiometry
to measure lean mass/fat% as a fifth criterion that could fill-in for
the unexplained weight loss criterion, as described by Fried and col-
leagues (1). Importantly, other outcome measures other than the
ones we validated here might be used to measure the four criteria.
For example, depending on the resources available, a force trans-
ducer grip test could measure grip strength, laser motion cages could
measure activity or walking speed measured by something like the
“air-puff test” (mouse placed on platform leading to home cage, air-
puff is used to startle the mouse to begin running to cage, latency
to reach cage as outcome measure). New tests would need to be
evaluated for validity, of course, but there is definitely some inherent
flexibility in how the frailty criteria can be measured.

Conclusion

VWR for 4 weeks was able to reverse symptoms of frailty as meas-
ured by our FI (8) and moved the two frailty-assessed mice to non-
frail status. At an individual level, the FIAV proved to be a valuable
tool to track intervention-induced changes and is easily adapted to
assess other indices and/or interventions. The FIAV concept could
easily be adapted to other groups of validated criteria measurements.
We found exercise-induced improvement in grip strength, walking
speed, and endurance, albeit with some age-modulated responses. At
the morphological and physiological level we found tissue, cellular,
and biochemical changes consistent with adaptation to increasing
aerobic capacity and improving muscle mass and strength. Overall,
aerobic training alone proved to be a valuable treatment to frailty in
the aging mouse model. Further investigation should be conducted
to examine whether combined resistance and aerobic training could
act in synergy to improve fitness and function even more. In addi-
tion, the FIAV should be applied to such combined intervention
models to better elucidate their effects on age-related frailty.
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