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Key points

� Heart size increases with age (called hypertrophy), and its ability to contract declines. However,
these reflect average changes that may not be present, or present to the same extent, in all older
individuals.

� That aging happens at different rates is well accepted clinically. People who are aging rapidly
are frail and frailty is measured with a ‘frailty index’.

� We quantified frailty with a validated mouse frailty index tool and evaluated the impacts of age
and frailty on cardiac hypertrophy and contractile dysfunction.

� Hypertrophy increased with age, while contractions, calcium currents and calcium transients
declined; these changes were graded by frailty scores.

� Overall health status, quantified as frailty, may promote maladaptive changes associated with
cardiac aging and facilitate the development of diseases such as heart failure.

� To understand age-related changes in heart structure and function, it is essential to know both
chronological age and the health status of the animal.

Abstract On average, cardiac hypertrophy and contractile dysfunction increase with age. Still,
individuals age at different rates and their health status varies from fit to frail. We investigated
the influence of frailty on age-dependent ventricular remodelling. Frailty was quantified as
deficit accumulation in adult (�7 months) and aged (�27 months) C57BL/6J mice by adapting
a validated frailty index (FI) tool. Hypertrophy and contractile function were evaluated in
Langendorff-perfused hearts; cellular correlates/mechanisms were investigated in ventricular
myocytes. FI scores increased with age. Mean cardiac hypertrophy increased with age, but values
in the adult and aged groups overlapped. When plotted as a function of frailty, hypertrophy
was graded by FI score (r = 0.67–0.55, P < 0.0003). Myocyte area also correlated positively
with FI (r = 0.34, P = 0.03). Left ventricular developed pressure (LVDP) plus rates of pressure
development (+dP/dt) and decay (−dP/dt) declined with age and this was graded by frailty
(r = −0.51, P = 0.0007; r = −0.48, P = 0.002; r = −0.56, P = 0.0002 for LVDP, +dP/dt and
−dP/dt). Smaller, slower contractions graded by FI score were also seen in ventricular myocytes.
Contractile dysfunction in cardiomyocytes isolated from frail mice was attributable to parallel
changes in underlying Ca2+ transients. These changes were not due to reduced sarcoplasmic
reticulum stores, but were graded by smaller Ca2+ currents (r = −0.40, P = 0.008), lower gain
(r = −0.37, P = 0.02) and reduced expression of Cav1.2 protein (r = −0.68, P = 0.003). These
results show that cardiac hypertrophy and contractile dysfunction in naturally aging mice are
graded by overall health and suggest that frailty, in addition to chronological age, can help explain
heterogeneity in cardiac aging.
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Introduction

Studies in both humans and animals have shown that age
modifies ventricular structure and function, even in the
absence of overt cardiovascular disease (Fares & Howlett
2010; Feridooni et al. 2015a; Keller & Howlett, 2016).
Indeed, there is strong evidence that contractile function,
especially during exercise, declines with age and older
individuals exhibit less complete relaxation than younger
adults (Fleg & Strait, 2012; Strait & Lakatta, 2012). The
occurrence of left ventricular hypertrophy also increases
with age in people (Chen & Frangogiannis, 2010; Fleg &
Strait, 2012; Strait & Lakatta, 2012). These changes are
characteristic of the aging heart, as they are seen in both
humans and in animal models of aging (Feridooni et al.
2015a; Keller & Howlett, 2016). Pre-clinical studies have
shown that age-dependent ventricular hypertrophy and
contractile dysfunction are present not only at the organ
level, but also in isolated ventricular myocytes (Feridooni
et al. 2015a). These changes associated with cardiac
aging are important, as they are typically maladaptive
and predispose the heart towards the development
of diseases such as heart failure (Keller & Howlett,
2016).

Despite growing evidence for age-dependent modi-
fications in the heart, these reflect average responses that
may not be present, or present to the same degree, in
all individuals of the same age (Howlett & Rockwood,
2013). Indeed, there is strong evidence for heterogeneity
in a wide range of cardiovascular responses in healthy
older individuals. For example, while left ventricular
contractility, cardiac index and ejection fraction decline
with age on average, some older individuals perform
at the same levels as young adults (Lakatta & Levy,
2003). The idea that people age at different rates is
well accepted clinically (Clegg et al. 2013). The term
frailty, introduced into modern use in 1979, refers to the
unmeasured heterogeneity in mortality risk of people of
the same age (Vaupel et al. 1979). This concept has been
expanded to capture unmeasured heterogeneity in the
risk for and expression of a large number of age-related
adverse features in people and, more recently, in animals
of the same chronological age (Rockwood et al. 2017).
Individuals at greater risk, or with more aging features,
are said to be frail (Clegg et al. 2013). Age-related
frailty increases the risk of developing various diseases,
including cardiovascular disease, in older adults (Afilalo

et al. 2014; Singh et al. 2014). Furthermore, when frail
older adults do develop diseases such as heart failure,
they experience worse outcomes and higher mortality rates
than non-frail patients (Boxer et al. 2014; Uchmanowicz
et al. 2014, 2015; Goldwater & Pinney, 2015; Jermyn &
Patel, 2015). Still, why frailty increases susceptibility to
heart disease is not understood, in part because very
little is known about the impact of frailty itself on the
heart.

Studies in humans have shown that frailty can be
quantified using different methods (de Vries et al. 2011;
Bouillon et al. 2013). One commonly used approach is to
construct a ‘frailty index’ (FI) by counting accumulation
of health deficits, such as clinically apparent signs,
symptoms and laboratory abnormalities (Mitnitski et al.
2001; Searle et al. 2008; Howlett et al. 2014; Rockwood,
2016). The number of deficits in an individual is divided
by the total number measured to yield an FI score
between 0 (no deficits) and 1 (all deficits). Based on
the deficit accumulation approach validated in humans,
we developed novel tools to quantify frailty with an FI
in naturally aging mice (Parks et al. 2012; Whitehead
et al. 2014; Feridooni et al. 2015b; Kane et al. 2016;
Moghtadaei et al. 2016; Rockwood et al. 2017). We showed
that the relationship between FI scores and normalized
age are similar in mice and humans and that the rates
of deficit accumulation are similar in aging mice and
people (Whitehead et al. 2014). We also found that
there is marked heterogeneity in individual mouse FI
scores at any given age (Feridooni et al. 2015b), as
seen in clinical studies (Mitnitski et al. 2001; Kim &
Jazwinski, 2015). Thus, the mouse FI is a powerful
new instrument that can be used to investigate the
links between aging, frailty and disease in an animal
model.

The overall objective of this study was to investigate
the impact of frailty on age-dependent remodelling
in the mouse ventricle. We quantified frailty with our
newly developed FI tool in adult and aged C57BL/6J
mice and investigated age- and frailty-dependent changes
in ventricular structure and function in Langendorff-
perfused hearts. Cellular correlates and underlying
mechanisms were explored in isolated ventricular
myocytes. We demonstrate that age-related changes in
ventricular structure and function are graded by FI scores
and suggest that frailty can help explain heterogeneity in
cardiac aging.
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Methods

Animals

All animal experiments followed guidelines of the
Canadian Council on Animal Care Guide to the Care
and Use of Experimental Animals (CCAC, Ottawa, ON:
Vol. 1, 2nd edn. 1993; Vol. 2, 1984). All animal protocols
were approved by the Dalhousie University Committee
on Laboratory Animals. This work complies with the
principles outlined by the Journal of Physiology and
follows the ethics checklist provided by the journal. Male
C57BL/6J mice were purchased at 3–4 weeks of age from
Charles River Laboratories (St. Constant, QC, Canada)
and were housed in groups (3–5 littermates per cage) in the
Dalhousie University Carlton Animal Care Facility. Mice
were maintained on a 12 h light/dark cycle and they had
free access to water and food (ProLab RMH 3500, Purina
LabDiet, Aberfoyle, Ontario, Canada). Two groups of mice
were evaluated, an adult group (�7 months; n = 24) and
an aged group (�27 months; n = 54).

Frailty assessment

Frailty was assessed once in each individual mouse on
the day of the experiment with techniques that have been
described previously (Whitehead et al. 2014; Feridooni
et al. 2015b). Briefly, mice were weighed and their body
surface temperature was measured with an infrared probe
(Infrascan; La Crosse Technology, La Crosse, WI, USA).
A clinical FI score for each mouse was calculated using
a published checklist (Whitehead et al. 2014; Feridooni
et al. 2015b). This involved the evaluation of 31 variables
representative of various health domains including the
integument, musculoskeletal system, vestibulocochlear
and auditory systems, ocular and nasal systems, digestive
system, urogenital system, respiratory system, signs of
discomfort, as well as the body weight (g) and body surface
temperature (°C) as shown in Table 1. Note that cardiac
and vascular items were excluded; this ability to adapt
the FI to set specific organ changes in the context of
overall deficit accumulation is seen as a strength of this
approach (Rockwood, 2016). FI scores were computed
from these data as follows: for each parameter, a score
of 0 was given for no deficit, 0.5 for a mild deficit and 1
for a severe deficit (Table 1). Body weight (g) and body
surface temperature (°C) were scored differently, based on
deviation from average reference values obtained from the
appropriate, age-matched cohort, as described previously
(Whitehead et al. 2014). Variables that were within 1 SD
of the reference values were coded as 0, >1 SD were scored
0.25, >2 SD = 0.5, >3 SD = 0.75 and >4 SD received a
score of 1, the maximum score for the item (Table 1).
Individual scores for each of the 31 parameters were
added and divided by the number of deficits measured

to produce an FI score between 0 and 1 for each
animal.

Previous studies by our group and others have validated
the mouse clinical FI approach and shown that there is a
high degree of inter-rater reliability when different raters
are used to complete the FI on the same mouse (Feridooni
et al. 2015b; Kane et al. 2015, 2017). In the present
study, two raters were used to complete FI assessments.
To verify that FI scores obtained by these two raters were
similar, we compared their ratings of the same mice in
a subset of the animals used in this study (n = 31). We
found excellent inter-rater agreement, with an intra-class
correlation coefficient of 0.82. We also confirmed that FI
scores did not vary significantly in an individual mouse
over a short period of time. FI assessments were completed
twice in a subset of animals (n = 8), 3 days apart. There was
no significant difference between FI scores in the two sets
of measurements (mean ± SEM values were 0.185 ± 0.015
and 0.181 ± 0.012 on day 0 and day 3, respectively).

Langendorff-perfused heart studies

Mice were deeply anaesthetized with an intraperitoneal
injection of sodium pentobarbital (200 mg kg−1); heparin
(3000 U kg−1) was also injected to inhibit blood
coagulation. The depth of anaesthesia was evaluated with
a toe pinch test. If no pedal withdrawal reflex was observed
following the toe pinch test, a thoracotomy was performed,
and hearts were quickly excised and placed in a Petri dish
containing ice-cold Tyrode’s buffer (described below). The
aorta was cannulated with a 25 5/8-gauge needle on a
Radnoti Langendorff apparatus (Radnoti LLC, Monrovia,
CA, USA). The heart was perfused at a constant pressure of
80 ± 0.5 mmHg with a buffer solution (37°C) containing
(in mM): 126 NaCl, 0.9 NaH2PO4, 4 KCl, 20 NaHCO3,
0.5 MgSO4, 5.5 glucose and 1.8 CaCl2. The perfusate was
aerated with 95% O2/5% CO2 to achieve a pH of 7.4. The
perfusate was filtered with in-line 1 μm glass fibre filters
(Radnoti Glass Technology).

A fluid-filled balloon was constructed from GLAD Cling
Wrap (The Clorox Company of Canada Ltd, Brampton,
ON, Canada), inserted into the left ventricle through an
incision made in the left atrium and inflated to a minimum
pressure of 5–10 mmHg. The balloon was attached
to a pressure transducer (ADInstruments, Colorado
Springs, CO, USA). A PowerLab 8/35 data acquisition
system (ADInstruments) converted the changes in balloon
pressure into a digital signal. LabChart 7 software
(ADInstruments) was used to analyse data. Recordings of
left ventricular pressure were used to quantify developed
pressure (LVDP), and the maximum rates of pressure
development and decay (+dP/dt and –dP/dt, respectively).
Spontaneous beating rate data were analysed by measuring
the time from peak-to-peak and calculating the rate for
each heart. Hearts were allowed to spontaneously beat and
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Table 1. Scoring of individual deficits in adult and aged mice

Body system∗ Frailty index item Deficit score

0 0.5 1.0
Integument Alopecia

Loss of fur colour
Dermatitis
Loss of whiskers
Coat condition

Physical/musculoskeletal Tumours
Distended abdomen
Kyphosis
Tail stiffening
Gait disorders
Tremor
Forelimb grip strength
Body condition score

Vestibulocochlear/auditory Vestibular disturbance
Hearing loss

Ocular/nasal Cataracts
Eye discharge/swelling
Microphthalmia
Corneal opacity
Vision loss
Menace reflex
Nasal discharge

Digestive/urogenital Malocclusions
Rectal prolapse
Vaginal/uterine/penile prolapse
Diarrhoea

Respiratory Breathing rate/depth
Discomfort Mouse grimace scale

Piloerection
0 0.25 0.50 0.75 1.0

Other† Temperature
Weight

Frailty index score‡

∗Frailty scoring system, adapted from Whitehead et al. (2014). All deficits except temperature and weight were scored as 0 if absent,
0.5 if present but mild and 1.0 if present and severe.
†Temperature and weight were scored based on deviation from mean reference values from age-matched mice. Values that differed
from the reference by >1 SD were scored as 0.25, >2 SD were 0.5, >3 SD were 0.75 and >4 SD received a score of 1.
‡Deficit scores were added and divided by 31 (total number of items evaluated) to produce a frailty index score for each mouse.

stabilize for 20 min before recordings were made and then
responses recorded during a 10 min period were averaged.
Right tibia length and heart weight were measured at the
end of each experiment.

Ventricular myocyte studies

Ventricular myocytes were isolated with our established
techniques (Li et al. 1995; Ferrier et al. 2000; Parks et al.
2014). In brief, mice were anaesthetized as described
above. The aorta was cannulated and hearts were perfused
for 10 min (2 ml min−1) with Ca2+-free solution (mM):
105 NaCl, 5 KCl, 25 Hepes, 0.33 NaH2PO4, 1 MgCl2, 20
glucose, 3 sodium pyruvate, 1 lactic acid (100% O2; pH

7.4; 37°C) followed by perfusion (8–10 min) with the
same solution plus 50 μM Ca2+, collagenase (8 mg/30 ml,
Worthington Type I, 250 U mg−1; Lakewood, NJ, USA),
dispase II (3.5 mg; Roche, Indianapolis, IN, USA) and
trypsin (0.5 mg). The ventricles were removed and minced
in high K+ buffer (mM): 30 KCl, 50 L-glutamic acid, 30
KH2PO4, 20 taurine, 10 Hepes, 10 glucose, 3 MgSO4

and 0.5 EGTA (pH 7.4). The supernatant was filtered
(225 μm polyethylene filter; Spectra/Mesh) and stored
at room temperature. Rod-shaped, quiescent cells with
distinct striations were used in experiments.

Contractions, Ca2+ transients and Ca2+ currents were
recorded simultaneously. Cells were loaded with fura-2
acetoxymethyl (AM) (2.5 μM; 20 min in the dark;

C© 2017 The Authors. The Journal of Physiology C© 2017 The Physiological Society
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Invitrogen, Burlington, ON, Canada). An aliquot of the
cell suspension was placed on the stage of an inverted
microscope (Nikon Eclipse, TE200, Nikon Canada,
Mississauga, ON, Canada) and superfused (3 ml min−1)
with buffer (mM): 145 NaCl, 10 glucose, 10 Hepes, 4 KCl,
1 CaCl2, 1 MgCl2 (pH 7.4; 37°C) supplemented with
4-aminopyridine (4 mM) to block transient outward K+
currents and lidocaine (0.3 mM) to block Na+ currents.
Cells were voltage clamped with high resistance micro-
electrodes (18–25 M�; 2.7 M KCl) and discontinuous
single electrode voltage clamp (5–6 kHz) techniques
(Axoclamp 2B amplifier; Molecular Devices, Sunnyvale,
CA, USA). ClampEx v8.2 software (Molecular Devices)
was used to generate voltage clamp protocols. Cells were
stimulated with five, 50 ms conditioning pulses from −80
to 0 mV (pulse frequency = 2 Hz) and then repolarized
to −40 mV for 450 ms. Ca2+ currents, contractions and
Ca2+ transients were recorded simultaneously during test
steps (250 ms) to potentials between −40 and +80 mV.

Contractions (unloaded cell shortening) were recorded
with a charge-coupled device camera (120 Hz;
model TM-640, Pulnix America, Sunnyvale, CA, USA)
coupled to a video edge detector (Crescent Electro-
nics, Sandy, UT, USA). Ca2+ concentrations were
recorded with a PTI (Photon Technology International,
Birmingham, NJ, USA) fluorescence system. Fura-2
was alternately excited with 340 and 380 nm light;
fluorescence emission was measured at 510 nm (5 ms
sampling interval) with a DeltaRam fluorescence system
and Felix v1.4 software (Photon Technologies Inter-
national). Fluorescence measurements were corrected
for background and converted to Ca2+ concentrations
with established techniques (Parks et al. 2014). To
allow recording of contractions and fluorescence
simultaneously, a dichroic cube directed red light to the
camera/video edge detector while remaining light was sent
to the photomultiplier tube.

Sarcoplasmic reticulum (SR) Ca2+ content was
measured in voltage clamped cells exposed to 10 mM

caffeine, applied 450 ms after a series of five conditioning
pulses (conditioning pulse duration = 50 ms) delivered at
a frequency of 2 Hz. Caffeine was rapidly applied for 1 s in
a solution containing (mM): 10 caffeine, 140 LiCl, 4 KCl,
10 glucose, 5 Hepes, 4 MgCl2, 4 4-aminopyridine and 0.3
lidocaine. Caffeine solution was nominally Ca2+ and Na+
free to inhibit Ca2+ extrusion by the Na+–Ca2+ exchanger.
The peak of the caffeine-induced Ca2+ transient was used
to quantify SR Ca2+ content.

Current and contractions were analysed with Clampfit
8.2 (Molecular Devices). Ca2+ currents were measured
as the difference between the peak and the end of
the test step and were normalized to cell capacitance.
Cell capacitance was measured by integrating capacitive
transients with Clampfit software and cell length, width
and area were measured with a video edge detector.

Contractions were measured as the difference between
the peak contraction and resting cell length. Contractions
were normalized to diastolic cell length. All fluorescence
data were analysed with Felix (PTI) and Clampfit software.
Peak Ca2+ transient amplitudes were quantified as the
difference between diastolic and peak systolic Ca2+. The
ratio of the rate of rise of the Ca2+ transient (nM s–1) per
unit of normalized Ca2+ current (pA pF–1) was calculated
to measure EC-coupling gain. The caffeine-induced Ca2+
transient was measured as the difference between systolic
and diastolic Ca2+ levels. The fractional release of SR
Ca2+ was calculated by dividing peak Ca2+ transient by
the caffeine-induced Ca2+ transient.

Western blot studies

Left ventricular tissue was homogenized with a Dounce
homogenizer in lysis buffer [RIPA buffer supplemented
with EDTA, protease inhibitor cocktail (Thermofisher
#78430) and phosphatase inhibitor cocktail (Thermo-
fisher #78420)]. The homogenate was then centrifuged
at 8000 r.p.m. for 15 min at 4°C, and the supernatant
was collected and used in Western blot experiments.
Protein levels were measured with the Bio-Rad RC DC
protein kit (#500–0122). Thirty micrograms of protein
was separated by SDS-PAGE under reducing conditions
and then transferred to 0.45 μM polyvinylidene fluoride
(PVDF) membranes. Membranes were stained with
Ponceau S (0.2% in 5% acetic acid), blocked in 5%
skimmed milk for 1 h at room temperature, and then
incubated overnight at 4°C with the Cav1.2 primary
antibody (Alomone labs #ACC-003, 1:2000 dilution;
Jerusalem, Israel) in 5% skimmed milk. Membranes
were then incubated in secondary antibody solution (5%
skimmed milk, goat secondary antibody 1:10,000, Abcam,
Cambridge, MA, USA) for 1 h at room temperature.
Bands were detected by exposure to Clarity Western ECL
substrate (Bio-Rad, Hercules, CA, USA) and subsequent
chemiluminescence detection with a Biorad Chemidoc
XRS system. Densitometry was performed using ImageJ
(v 1.41).

Ponceau S was used as the loading control, and each
band was normalized to the Ponceau staining at 250 kDa
for that lane. Results were then presented as arbitrary
densitometric values relative to an internal control sample
as 1, to allow comparisons across membranes. Ponceau
S was used as the loading control as there is evidence
to suggest that standard housekeeping proteins, such as
GAPDH and β-actin, are affected by age (Lowe et al.
2000; Li & Shen, 2013; Mennes et al. 2014). Ponceau S has
been shown to reliably correlate with protein loading in a
number of studies (Li & Shen, 2013), and in fact exhibits
enhanced correlation at higher protein levels than β-actin
(Romero-Calvo et al 2010). Normalization of Western
blots to Ponceau S has been published in many aging
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research studies (e.g. Mennes et al. 2014; Mitchell et al.
2016).

Statistics

Sigmaplot software (v11.0, Systat Software Inc., Chicago,
IL, USA) and SPSS software (v21.0) were used for all
statistical analyses and Sigmaplot was used to create
the figures. Data from adult and aged mice are pre-
sented as scatterplots as well as box and whisker plots.
Differences between means were evaluated with either
a Student’s t test, for normally distributed data, or
a Mann–Whitney rank sum test, when data were not
normally distributed. We evaluated relationships between
various parameters and frailty with linear regression
analysis. When both age and frailty were significantly
related to the parameter under study we used multivariable
regression and calculated semi-partial correlations to
assess their separate contributions. Values of P < 0.05
was considered statistically significant.

Chemicals

All chemicals were purchased from Sigma-Aldrich
(Oakville, ON, Canada) or BDH Inc. (Toronto, ON,
Canada). Fura-2 AM was prepared in anhydrous DMSO
and stored at −20°C until use. All other chemicals were
prepared in deionized water.

Results

FI scores in adult and aging mice

Mice were assessed clinically to obtain individual FI scores
prior to each experiment. Table 2 shows mean (± SEM)
ages and FI scores for all the mice used in this study,
separated into two age groups. Aged mice were older
than adult mice (203 ± 21 vs. 811 ± 11 days of age;
P < 0.001) and their FI scores were significantly higher
when compared to the younger group (0.170 ± 0.012
for adult vs. 0.373 ± 0.012 for aged mice; n = 24 adult
and 54 aged mice; P < 0.001). Figure 1 shows FI scores
for all animals used in the study, separated by age. The
scatterplots illustrate all individual FI scores, the box plots
show the median plus 25th and 75th percentiles and the
whiskers show the 10th and 90th percentiles. These data
demonstrate that mice of similar ages have a wide range of
FI scores and this heterogeneity is particularly pronounced
in the older group. Figure 1 also shows that, although
frailty scores on average increased with age, values for the
younger and older groups overlapped despite substantial
differences in their ages (Fig. 1). This indicates that mice
exhibit differences in health status, which can be quantified
according to FI score.

Table 2. Physical characteristics of mice used in this study

Parameter† Adult Aged P value

Age (days) 203 ± 21 811 ± 11∗ <0.001
Frailty index 0.170 ± 0.012 0.373 ± 0.012∗ <0.001
Body weight

(BW, g)
39.12 ± 1.45 34.82 ± 0.83∗ 0.012

Heart weight
(HW, mg)

233.8 ± 7.4 286.0 ± 9.3∗ 0.003

Tibia length (TL,
mm)

18.95 ± 0.16 18.65 ± 0.11 0.173

HW:BW
(mg g–1)

5.96 ± 0.2 8.33 ± 0.31∗ <0.001

HW:TL
(mg mm–1)

12.5 ± 0.4 15.3 ± 0.5∗ 0.003

†Numbers represent the mean ± SEM. Values of n = 24 adult
mice and 54 aged mice for ages and FI scores. For measures of
cardiac hypertrophy, n = 11 adult mice (n = 10 for the HW and
TL groups) and 30 aged mice. An asterisk denotes significantly
different from the adult group. Differences between age groups
were assessed using a Student’s t test or a Mann–Whitney Rank
Sum test for data that were non-parametric.

We next determined whether the contributions of one
or a few deficits dominated the FI score in either age
group. Tables 3 and 4 illustrate the number of adult and
aged mice, respectively, that exhibited each deficit in the
index (left side of each table). The percentage of mice that
exhibited each deficit are shown on right side of each table.

Adult Aged
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y
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o

re

0.0

0.1

0.2

0.3

0.4

0.5

0.6
P<0.001

Figure 1. Frailty increases with age
The distribution of frailty index (FI) scores in adult (203 ± 21 days;
n = 24; filled symbols) and aged (811 ± 11 days; n = 54; open
symbols) C57BL/6J mice are shown as a scatterplot (left) and as box
plots. Mean FI scores, indicated by a horizontal line in the
scatterplot, were higher in aged mice compared to adult mice
(P < 0.001) although there was overlap in FI scores in the two
groups. The box and whisker plot illustrates, from top to bottom: the
90th percentile, the 75th percentile, the median, the 25th percentile
and the 10th percentile. Differences between age groups were
assessed with a Mann–Whitney Rank Sum test.
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Table 3. Individual frailty index deficits for all adult mice

Number of mice with deficit∗ Per cent of mice with deficit

Score 0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
Temperature 15 6 3 0 0 62.5 25 12.5 0 0
Body weight 13 4 4 0 3 54.2 16.7 16.7 0.0 12.5
Score 0 0.5 1 0 0.5 1
Alopecia 17 6 1 70.8 25.0 4.2
Loss of fur colour 9 12 3 37.5 50.0 12.5
Dermatitis 19 4 1 79.2 16.7 4.2
Loss of whiskers 20 1 3 83.3 4.2 12.5
Coat condition 12 10 2 50.0 41.7 8.3
Tumours 24 0 0 100 0.0 0.0
Distended abdomen 15 3 6 62.5 12.5 25.0
Kyphosis 21 3 0 87.5 12.5 0.0
Tail stiffening 22 2 0 91.7 8.3 0.0
Gait disorders 18 6 0 75.0 25.0 0.0
Tremor 23 1 0 95.8 4.2 0.0
Forelimb grip strength 7 13 4 29.2 54.2 16.7
Body condition score 14 4 6 58.3 16.7 25.0
Vestibular disturbance 23 1 0 95.8 4.2 0.0
Hearing loss 12 11 1 50.0 45.8 4.2
Cataracts 24 0 0 100 0.0 0.0
Corneal capacity 24 0 0 100 0.0 0.0
Eye discharge/swelling 22 2 0 91.7 8.3 0.0
Microphthalmia 22 2 0 91.7 8.3 0.0
Vision loss 3 21 0 12.5 87.5 0.0
Menace reflex 0 13 11 0.0 54.2 45.8
Nasal discharge 23 1 0 95.8 4.2 0.0
Malocclusions 22 2 0 91.7 8.3 0.0
Rectal prolapse 24 0 0 100 0.0 0.0
Penile/uterine prolapse 23 1 0 95.8 4.2 0.0
Diarrhoea 24 0 0 100 0.0 0.0
Breathing rate/depth 24 0 0 100 0.0 0.0
Mouse grimace scale 21 3 0 87.5 12.5 0.0
Piloerection 4 11 9 16.7 45.8 37.5

∗Individual deficits used to create FI scores for 24 adult mice.

Table 3 clearly demonstrates that, even in the adult group,
mice express different specific deficits across a range of
diverse body systems. The number of deficits, along with
the percentage of mice expressing these deficits, clearly
increases with age across a wide ranges of systems (Table 4).
It is also clear from these tables that no one item dominates
the FI in either age group.

Impact of age and frailty on cardiac hypertrophy

To evaluate the relationship between age, frailty and
cardiac hypertrophy, body weight (BW), heart weight
(HW) and tibia length (TL) were recorded in the perfused
heart experiments. Mean values (± SEM) for these
parameters, along with average HW:BW and HW:TL
ratios, are shown in Table 2. Although HW and BW
both increased with age, TL did not. Results showed
that HW:BW and HW:TL ratios increased with age

(Table 2), consistent with age-dependent cardiac hyper-
trophy. Scatterplots plus box and whisker plots for these
data are shown in Fig. 2. On average, HW, HW:BW
ratios and HW:TL ratios increased with age, but there
was marked heterogeneity in the older group and in many
cases individual values from the adult and aged groups
overlapped (Fig 2A–C). To determine the relationship
between hypertrophy and frailty, we plotted HW, HW:BW
and HW:TL as a function of FI score for all mice
from both age groups (Fig. 2D–F). We found that
HW (P = 0.0003), HW:BW (P < 0.0001) and HW:TL
(P = 0.0003) showed strong positive correlations with FI
score (Fig. 2D–F). So too did age, where HW (P = 0.003),
HW:BW (P < 0.001) and HW:TL (P = 0.003) all
increased (Fig. 2A–C). In the semi-partial correlations,
however, only the FI score, and not age, was significant
in each case. These analyses demonstrate that cardiac
hypertrophy increased linearly as a function of frailty
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Table 4. Individual frailty index deficits for all aged mice

Number of mice with deficit∗ Per cent of mice with deficit

Score 0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
Temperature 32 19 0 0 0 62.7 37.3 0.0 0.0 0.0
Body weight 11 31 8 1 0 21.6 60.8 15.7 2.0 0.0
Score 0 0.5 1 0 0.5 1
Alopecia 16 26 9 31.4 51.0 17.6
Loss of fur colour 9 32 10 17.6 62.7 19.6
Dermatitis 29 9 13 56.9 17.6 25.5
Loss of whiskers 41 4 6 80.4 7.8 11.8
Coat condition 8 27 16 15.7 52.9 31.4
Tumours 25 24 2 49.0 47.1 3.9
Distended abdomen 9 14 28 17.6 27.5 54.9
Kyphosis 3 12 36 5.9 23.5 70.6
Tail stiffening 27 20 4 52.9 39.2 7.8
Gait disorders 3 27 21 5.9 52.9 41.2
Tremor 16 21 14 31.4 41.2 27.5
Forelimb grip strength 3 35 13 5.9 68.6 25.5
Body condition score 1 17 33 2.0 33.3 64.7
Vestibular disturbance 26 23 2 51.0 45.1 3.9
Hearing loss 3 7 41 5.9 13.7 80.4
Cataracts 50 1 0 98.0 2.0 0.0
Corneal capacity 47 3 1 92.2 5.9 2.0
Eye discharge/swelling 38 10 3 74.5 19.6 5.9
Microphthalmia 45 6 0 88.2 11.8 0.0
Vision loss 1 16 34 2.0 31.4 66.7
Menace reflex 2 3 46 3.9 5.9 90.2
Nasal discharge 47 4 0 92.2 7.8 0.0
Malocclusions 47 4 0 92.2 7.8 0.0
Rectal prolapse 50 1 0 98.0 2.0 0.0
Penile/uterine prolapse 50 1 0 98.0 2.0 0.0
Diarrhoea 51 0 0 100 0.0 0.0
Breathing rate/depth 17 28 6 33.3 54.9 11.8
Mouse grimace scale 36 15 0 70.6 29.4 0.0
Piloerection 0 0 51 0.0 0.0 100

∗Individual deficits used to create FI scores for 51 aged mice.

and indicate that cardiac hypertrophy was graded by FI
score.

To determine whether age and frailty correlated with
hypertrophy at the cellular level, we quantified the length,
width and cross-sectional area of isolated ventricular myo-
cytes. Figure 3A shows that age had no significant effect on
cell length. Cell width and cross-sectional area did increase
slightly with age (Fig. 3B and C), although this was not
statistically significant. We then analysed these data by FI
score (Fig. 3D–F). Interestingly, while cell length (P=0.19)
was not related to FI score, cell width (P = 0.03) and cell
area (P = 0.03) were positively correlated with frailty. By
contrast, there was no effect of age and no correlation with
frailty score for cell capacitance (mean ± SEM values for
age were 261.5 ± 19.4 vs. 273.6 ± 12.0 pF for adult vs.
aged; the correlation with FI score was r = 0.16; P = 0.31).
Thus, although there is no link between myocyte hyper-
trophy and age, frailty analysis provides some evidence for

a link between cellular hypertrophy and overall health as
indicated by FI score.

Influence of age and frailty on contractile function
in intact hearts

We next investigated the relationship between age, frailty
and myocardial function in Langendorff-perfused hearts.
Figure 4A and B shows pressure recordings from mice with
three different FI scores; these recordings were selected to
be representative of the mean data. Initially, we plotted
LVDP, +dP/dt and −dP/dt as a function of age, as
shown in Fig. 4C–E. We found that LVDP (P < 0.001),
+dP/dt (P < 0.001) and –dP/dt (P < 0.001) declined with
age, although there was considerable heterogeneity in all
three measures, especially in the older group. These data
demonstrate that, on average, contractions were smaller
and slower in aged hearts compared to younger hearts, but
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this was highly variable (Fig. 4C–E). To determine whether
these age-dependent changes in contractile function were
graded by frailty, we next plotted these parameters as
a function of FI score. Figure 4F shows that LVDP
was highly correlated with FI score (P = 0.0007), such
that LVDP declined as frailty increased. Similarly, both
+dP/dt (P = 0.002) and –dP/dt (P = 0.0002) declined
as frailty increased (Fig. 4G and H). In the semi-partial
correlations, age was significant for LVDP and –dP/dT,
while both FI score and age contributed to +dP/dT.
These observations demonstrate that the rates of cardiac

contraction and relaxation declined with age and FI score.
By contrast, spontaneous beating rates were not affected
by age (300 ± 14 vs. 331 ± 13 beats per minute in the young
and old groups, respectively) and were not correlated with
frailty (r = 0.17, P = 0.28).

Impact of age and frailty on contractions, Ca2+

transients and SR Ca2+ content

The next set of experiments investigated whether contra-
ctile dysfunction observed in the aging intact hearts was
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Figure 2. Cardiac hypertrophy increases with age and is directly proportional to FI scores
A–C, mean HW, HW:BW and HW:TL ratios were higher in aged mice compared to adult mice (P < 0.003 for all).
D–F, scatterplots show that FI scores are positively correlated with HW, HW:BW and HW:TL ratios (n = 10 adult
and 30 aged mice). Differences between age groups were assessed with a t test or Mann–Whitney Rank Sum test;
correlations were evaluated with linear regression analysis. HW = heart weight; HW:BW = heart weight to body
weight ratio; HW:TL = heart weight to tibia length ratio. Filled symbols indicate adult mice and open symbols
indicate aged mice.
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also present in isolated ventricular myocytes. Figure 5A
shows representative examples of contractions recorded
in voltage-clamped myocytes isolated from mice with
varying FI scores. The mean data clearly show that peak
contraction declined with age (Fig. 5B; P < 0.0001),
consistent with our observations in the intact heart.
Further analyses demonstrated that the average velocity of
contraction (P = 0.007) and relaxation (P = 0.001) slowed
with age (Fig. 5C and D), in agreement with the perfused
heart experiments (Fig. 4). When frailty analyses were
performed, we found that peak contraction as well as the
speed of contraction and relaxation were inversely related
to FI score (Fig. 5E–G). In the semi-partial correlations, age

was significant for peak contraction as seen for LVDP, while
both FI score and age contributed to changes in the velocity
of contraction and relaxation. Thus, older mice with
high levels of frailty exhibited smaller, slower contractions
indicative of contractile dysfunction at the cellular level.

Cardiac contractions are initiated by Ca2+ current,
which triggers the release of Ca2+ from the SR and
results in a Ca2+ transient (Bers, 2014). To determine
whether contractile dysfunction in aged and frail hearts
was associated with changes in the underlying Ca2+ trans-
ients, we measured the amplitudes and time courses
of Ca2+ transients recorded simultaneously with the
contractions in voltage-clamped myocytes. Figure 6A
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Figure 3. Myocyte hypertrophy, characterized by larger cell widths and areas, increases as FI scores
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A–C, scatterplots and box and whisker plots indicate that cell length, width and area were not affected by age.
D, cell length was not correlated with FI scores. E–F, scatterplots show that cell width and area were positively
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indicate adult mice and open symbols indicate aged mice.
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shows representative Ca2+ transients in adult and aged
myocytes. Mean data indicate that peak Ca2+ transients
(P = 0.02) and the rate of rise of the Ca2+ transient
(P = 0.001) both declined with age, although the decay rate
(tau) was not affected by age (Fig. 6B–D). Frailty analysis

revealed that FI score was a powerful predictor of the
decline in peak transients (Fig. 6E) as well as the decline
in their rate of rise (Fig. 6F). By contrast, there was no
correlation between frailty and decay rate (Fig. 6G). When
semi-partial correlations were investigated to evaluate
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Figure 5. The age-dependent decline and slowing of contraction is graded by frailty in voltage-clamped
ventricular myocytes
A, representative recordings of myocyte contractions recorded from mice with different FI scores. B, peak contra-
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(n = 10 adult and 24 aged myocytes). Filled symbols indicate adult mice and open symbols indicate aged mice.
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the contributions of age and FI score, FI score alone
contributed to the decline in peak Ca2+ transients while
age alone contributed to changes in the rate of rise. These
data indicate that smaller and slower contractions in aged

and frail hearts are attributable, in part, to changes in the
magnitude and speed of Ca2+ transients.

To determine whether smaller Ca2+ transients in frail
hearts are the result of changes in the amount of SR
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Ca2+ available for release, we measured caffeine-induced
Ca2+ transients in voltage-clamped myocytes from mice
with varying ages and FI scores (Fig. 7). Representative
caffeine-induced Ca2+ transients from mice with different
FI scores are shown in Fig. 7A. The data show that there was
no difference in the magnitude of caffeine-induced Ca2+
transients as a function of age or FI score (Fig. 7B and
D). We measured the rate of rise of the caffeine-induced
Ca2+ transients and found that there was no effect
of age and no correlation with frailty score for this
parameter (mean ± SEM values were 103.3 ± 16.9 vs.
106.5 ± 19.9 nM s−1; r = 0.01; P = 0.97). Similarly,
fractional release (the amount of SR Ca2+ released as
a fraction of total available SR Ca2+) was not affected
by either age or frailty (Fig. 7C and E). Together, these
observations demonstrate that the smaller Ca2+ transients
characteristic of aged and frail hearts are due to a smaller

trigger Ca2+ current, along with less SR Ca2+ release per
unit Ca2+ current, rather than limited SR Ca2+ stores.

The effect of age and frailty on L-type Ca2+ current
density and Cav1.2 expression

As SR Ca2+ release is triggered by Ca2+ influx via L-type
Ca2+ channels, we investigated whether a decrease in Ca2+
current contributed to the smaller Ca2+ transients seen in
frail cardiomyocytes. We recorded Ca2+ currents at the
same time as we recorded Ca2+ transients and contra-
ctions. Figure 8A shows representative examples of Ca2+
current recordings from mice with varying FI scores.
Mean data showed that peak Ca2+ currents were smaller
in cells from aged mice when compared to cells from
younger animals (Fig. 8B; P = 0.008). The integral of the
Ca2+ current (Ca2+ flux) also declined with age (Fig. 8C;
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Figure 7. Frailty and age have no effect on either fractional SR Ca2+ release or SR Ca2+ content
A, representative examples of caffeine-induced Ca2+ transients recorded from myocytes isolated from mice with
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P = 0.03). We quantified the impact of age on the gain of
SR Ca2+ release, expressed as the amount of Ca2+ released
from the SR per unit of Ca2+ current. Results showed
that gain decreased with age (Fig. 8D; P = 0.04). Next, we

investigated whether these average age-dependent changes
in Ca2+ current were graded by FI score. Results showed
that the declines in peak Ca2+ current and Ca2+ flux were
graded by FI score (Fig. 8E and F). Frailty analysis also
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Figure 8. Frailty grades the age-dependent reduction in peak Ca2+ current, Ca2+ flux and the gain of
SR Ca2+ release in voltage-clamped myocytes
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SR Ca2+ release was negatively correlated with frailty score. Differences between age groups were assessed using
a Mann–Whitney Rank Sum test and correlations were evaluated with linear regression analysis (n = 11 adult and
32 aged myocytes). Filled symbols indicate adult mice and open symbols indicate aged mice.
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showed that the decrease in gain of SR Ca2+ release was
graded by the overall health of the animal, measured as FI
score (Fig. 8G). Assessment of the semi-partial correlations
revealed that both FI score and age contributed to these
changes in Ca2+ current, Ca2+ flux and gain.

The voltage-clamp experiments presented in Figs 6
and 8 investigated contractions, Ca2+ transients, Ca2+
currents and gain in cardiomyocytes paced with pre-pulses
delivered at a frequency of 2 Hz. As previous studies
have shown that age-dependent changes in cardiomyocyte
contraction are frequency-dependent (Janczweski &
Lakatta, 2010; Feridooni et al. 2015a), we investigated
whether contractions and underlying mechanisms were
graded by frailty when cells were paced at 4 Hz. These data
are presented in Fig. 9. In cells paced at 4 Hz, peak contra-
ctions (P = 0.005) and Ca2+ currents (P = 0.03) declined
with age whereas Ca2+ transients and gain did not (data
not shown). By contrast, peak contractions (Fig. 9A), Ca2+
transients (Fig. 9B), Ca2+ currents (Fig. 9C) and the gain
of SR Ca2+ release (Fig. 9D) were all graded by frailty
when the pacing frequency was increased from 2 to 4 Hz.

In the semi-partial correlations, FI score alone explained
the change in peak Ca2+ transients whereas both age and
FI score contributed to the changes in contractions, Ca2+
currents and gain. These data demonstrate that similar
relationships between key Ca2+ handling mechanisms, age
and frailty scores are seen, regardless of whether cells were
paced at 2 or 4 Hz.

We next investigated whether a reduction in the
expression of L-type Ca2+ channels contributed to the
smaller Ca2+ currents characteristic of cardiomyocytes
from frail mice. To investigate this, we quantified the
expression of Cav1.2 protein (the major pore-forming
α subunit of the L-channel) with Western blot analysis.
Figure 10A shows representative Western blots for Cav1.2
expression from mice with a wide range of FI scores.
Figure 10B shows that mean values for Cav1.2 protein
expression were significantly lower in cells from aged mice
when compared to cells from adult animals (P = 0.03).
Interestingly, expression of Cav1.2 was clearly negatively
correlated with, and graded by, frailty (Fig. 10C). In the
semi-partial correlations, both age and FI contributed.
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Figure 9. Frailty scores grade the age-related decline in peak contractions, Ca2+ transients, Ca2+ currents
and gain when the pacing rate is increased to 4 Hz in voltage-clamped myocytes
A–D, peak contractions, Ca2+ transients, Ca2+ currents and the gain of SR Ca2+ release were graded by FI score
when the pacing rate was increased from 2 to 4 Hz. Contractions (P = 0.005) and Ca2+ currents (P = 0.03)
also declined with age at 4 Hz, whereas Ca2+ transients and gain did not (data not shown). Correlations were
evaluated with linear regression analysis (n = 14–15 adult and 19–23 aged myocytes). Filled symbols indicate adult
mice and open symbols indicate aged mice.
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These observations demonstrate that age-dependent
changes in the expression of Cav1.2 protein at the cellular
level are graded by the overall health of the animal, as
quantified with an FI score.

Discussion

This study investigated the impact of age and frailty
on ventricular structure and function using a novel FI
tool to measure frailty in adult and aged mice. Results
showed that while on average FI scores increased with
age, there was considerable heterogeneity. Cardiac hyper-
trophy also increased with age, although the degree of
hypertrophy varied, especially in the older mice. When
measures of hypertrophy were plotted as a function of
FI score, it was clear that hypertrophy was graded by
frailty at both the macroscopic and the microscopic levels.
Functional changes associated with frailty also occurred
at the level of the heart and the individual ventricular
myocyte. LVDP, +dP/dt and –dP/dt declined with age
and were negatively correlated with FI score. Myocytes
from aged mice exhibited smaller, slower contractions that
were graded by frailty and this contractile dysfunction
was largely attributable to changes in underlying Ca2+
transients. The age- and frailty-dependent reduction in SR
Ca2+ release was due to a reduction in peak Ca2+ current,
reduced Ca2+ flux and a decrease in the gain of SR Ca2+
release. There was also a clear decline in the expression of

Cav1.2 protein in the heart with age and this was graded by
FI score. Our results demonstrate that there is considerable
heterogeneity in the impact of age on cardiac structure
and function in animals of the same chronological age.
Although in many cases both frailty and chronological age
contribute significantly to the variance, in some cases only
one or the other is significant. These observations suggest
that differences in overall health status, quantified as
age-related deficit accumulation, contribute importantly
to the impact of age on the heart.

Our group has developed several different tools to
quantify frailty with an FI based on deficit accumulation
(Parks et al. 2012; Whitehead et al. 2014; Feridooni
et al. 2015b: Rockwood et al. 2017). In our initial
study, we developed an FI that included parameters
linked to cardiovascular health, such as heart rate,
blood pressure, blood volume, as well as overall
activity levels, body composition and metabolism (Parks
et al. 2012). More recently we created a simplified
FI composed of clinically evident deficits in health
across a wide variety of systems that are not direct
measures of cardiac function per se. Deficits were evaluated
in systems including: the integument, musculoskeletal
system, vestibulocochlear/auditory systems, ocular/nasal
systems, digestive system, urogenital system, respiratory
system and signs of discomfort (Whitehead et al. 2014;
Feridooni et al. 2015b; Kane et al. 2016; Rockwood et al.
2017). In the present study, we used our newly developed
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Figure 10. Frailty grades the age-dependent decline in expression of Cav1.2 protein in the mouse heart
A, representative Western blots for Cav1.2 protein expression in mice with varying FIs. Ponceau S staining was
used as a loading control in all experiments (lower panels). B, mean expression of Cav1.2 decreased with age
in the mouse heart. C, cardiac Cav1.2 expression was closely graded by frailty score in the mouse. Differences
between age groups were assessed using a Mann–Whitney Rank Sum test and correlations were evaluated with
linear regression analysis (n = 8 adult and 8 aged hearts). Filled symbols indicate adult mice and open symbols
indicate aged mice.
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mouse clinical FI tool to quantify frailty as a measure
of overall health (Howlett & Rockwood, 2014) and we
compared FI scores in mice of two very different ages.
We investigated an adult group, with an average age
of �7 months and an aged group, with a mean age
of �27 months. We found that, on average, FI scores
increased with age as reported previously (Parks et al.
2012; Whitehead et al. 2014; Feridooni et al. 2015b;
Rockwood et al. 2017). We also showed that there was
considerable heterogeneity in FI scores from mice of the
same chronological age. Some adult mice had high scores
and some aged mice had low scores, so the distributions
for these two groups overlapped despite their marked
difference in age. Together, these observations indicate that
there is a high degree of variability in the overall health
status of naturally aging C57BL/6J mice and that we can
identify these differences using our FI approach.

The present study clearly showed that mice expressed
a range of different deficits across a wide variety of
bodily systems. We also found that no single deficit (e.g.
body weight), or group of deficits, dominated the FI
in either age group. This is potentially important, as
an earlier longitudinal study of cardiac hypertrophy in
aging rats reported that a drop in body weight beyond
a given threshold predicted mortality (Yin et al. 1982).
The results of the present cross-sectional study in aging
mice show that the FI score is not heavily influenced by
changes in body weight. We have also recently shown, in a
longitudinal study of frailty in aging mice, that individual
deficits accumulate with age at varying rates in both mice
and in humans (Rockwood et al. 2017). This study also
demonstrates that high FI scores predict mortality in both
mice and in humans (Rockwood et al. 2017). Together
with the results of the present study, these observations
strongly suggest that frailty reflects the accumulation of
diverse deficits in multiple body systems.

Here, we found evidence for age-dependent cardiac
hypertrophy, consistent with previous reports in different
pre-clinical models of aging (Feridooni et al. 2015a;
Keller & Howlett, 2016) and in older people (Chen &
Frangogiannis, 2010; Fleg & Strait, 2012; Strait & Lakatta,
2012). This was evident when HW was normalized to BW,
and even when HW was normalized to TL, which did
not change with age. Still, there was substantial variability
in the degree of hypertrophy at both the organ and
the cellular levels, especially in older mice. In an earlier
cross-sectional study we used a different FI tool to show
that ventricular myocyte hypertrophy varied with FI score
in 30-month-old mice (Parks et al. 2012). Our earlier
study, however, examined a very small group of mice at
one age only and used an FI composed of a number of
parameters linked to cardiovascular health (Parks et al.
2012). Here, we used our new FI (Whitehead et al. 2014;
Feridooni et al. 2015b; Rockwood et al. 2017) composed
of clinically evident deficits in health across a wide range

of body systems. We report the novel observation that
cardiac hypertrophy is clearly graded by frailty at both the
organ and the cellular levels. These data strongly suggest
that the overall health of the animal, as measured with a
FI composed of items that are not closely linked to cardio-
vascular health, is a major determinant of cardiac hyper-
trophy in aging.

Here, we found that age did not significantly affect
ventricular myocyte dimensions. This contrasts with
results of a number of studies in aging rats and mice (e.g.
Fraticelli et al. 1989; Feridooni et al. 2015a). On the other
hand, other investigators have reported that there is no
change in cell length or cell width with age in these models
(Guo & Ren, 2006; Ren et al. 2007; Mellor et al. 2014).
In the present study, we report the novel observation
that cell width and cross-sectional area are positively
correlated with, and graded by, FI score. It is possible that
studies where ventricular myocyte dimensions increase
with age evaluated larger numbers of old and frail animals
compared to studies that report no difference. In contrast
to our findings with cell size, we did not see a link
between FI score and cell capacitance. Similar results have
been reported in ventricular myocytes from older animals,
although some studies report that cell size and capacitance
increase in parallel with age (Feridooni et al. 2015a).
Further exploration of the links between cardiac hyper-
trophy, age and frailty at the organ and cellular levels are
now warranted.

We found that cardiac contractions are smaller and
slower in hearts from aged mice when compared to
younger adults, consistent with reports in pre-clinical
models (Feridooni et al. 2015a; Keller & Howlett, 2016)
and in humans (Fleg & Strait, 2012; Strait & Lakatta, 2012).
We previously found an inverse relationship between FI
score and peak ventricular myocyte contraction in a small
cross-sectional study with an FI that included items that
linked to cardiovascular health (Parks et al. 2012). We
have also recently reported that age-dependent sino-atrial
node dysfunction is graded by frailty in the mouse model
(Moghtadaei et al. 2016). We have now extended these
observations to examine the relationship between over-
all health and contraction, in both myocytes and intact
hearts, in a large cohort of mice of varying ages and FI
scores with an FI based on deficits not closely linked to
the cardiovascular system. When our data were stratified
by frailty, we found that age-related changes in the speed
and amplitude of contraction were graded by FI score
at both the macroscopic and the microscopic levels. These
observations indicate that overall health, as evaluated with
a FI based on the accumulation of deficits in a range of body
systems, is a strong predictor of contractile dysfunction in
the aging heart.

It is well established that cardiac contraction is activated
by a transient rise in intracellular Ca2+ (Bers, 2014). To
determine underlying cellular mechanisms involved in

C© 2017 The Authors. The Journal of Physiology C© 2017 The Physiological Society



J Physiol 595.12 Influence of age and frailty on the heart 3739

contractile dysfunction in frailty, we investigated links
between age, frailty and Ca2+ handling in the heart. We
found that both the peak and the rate of rise of the
Ca2+ transient were negatively correlated with FI score.
These observations strongly suggest that the slower rates of
shortening and smaller contractions seen in the frail heart
are attributable to changes in the underlying Ca2+ trans-
ients. Despite the significant negative correlation between
peak Ca2+ transient and frailty score, we found that
there was no clear relationship between frailty and Ca2+
transient decay rates. These observations suggest that the
prolonged relaxation of contraction seen in hearts from
frail animals is not due to prolonged SR Ca2+ release. It is
possible that age-associated changes in myofilaments, such
as a shift from the fast α myosin heavy chain (MHC) iso-
form to the slower β isoform, or reduced phosphorylation
of troponin I (Feridooni et al. 2015a) could contribute to
slowing of relaxation in older frail hearts. Modifications
in the sarcomeric protein titin in the aging heart may also
increase myocyte stiffness and slow relaxation (Hamdani
et al. 2013) and this would be interesting to explore
experimentally.

The smaller Ca2+ transients observed in our study were
not due to a reduction in SR Ca2+ stores, as neither age
nor FI score affected SR content. However, peak Ca2+
currents recorded simultaneously with the Ca2+ trans-
ients were clearly graded by frailty, as both declined in
parallel as FI scores increased. Ca2+ flux and the gain of
SR Ca2+ release were negatively correlated with FI score.
These age-associated changes in peak contractions, Ca2+
transients, Ca2+ currents and the gain of SR Ca2+ release
were graded by frailty, regardless of whether the cells were
paced at 2 or 4 Hz. This is important, as previous studies
have reported that age-dependent contractile dysfunction
is exacerbated by faster pacing frequencies (Janczweski
& Lakatta, 2010; Feridooni et al. 2015a). These findings
indicate that both Ca2+ influx and SR Ca2+ release are
attenuated in ventricular myocytes from frail mice, which
can explain the smaller contractions seen in animals with
high FI scores.

Interestingly, although most previous studies report
that Ca2+ current declines with age, some studies have
found that it does not change and some report an
age-dependent increase (Janczweski & Lakatta, 2010;
Feridooni et al. 2015a). Reasons for the differences in
results between studies are not clear, but the use of different
aging models (e.g. mice, rats, sheep), diverse age ranges
and dissimilar experimental conditions (e.g. temperature,
pacing rates) have been implicated (Janczweski & Lakatta,
2010; Feridooni et al. 2015a). The present study clearly
showed that Ca2+ currents, measured as either peak
current or Ca2+ flux, were smaller in ventricular myo-
cytes from aged (�27 months) mice when compared to
younger adults (�7 months), as we have reported pre-
viously in the mouse model (Grandy & Howlett, 2006).

We also report the novel observation that Cav1.2 protein
expression is lower in hearts from aged mice compared
to adult animals. These findings strongly suggest that the
mechanism responsible for the age-dependent decline in
Ca2+ current is a decrease in the expression of L-type Ca2+
channels. Our study is also the first to demonstrate that
the expression of Cav1.2 protein is graded by frailty score.
These observations are important, as they demonstrate
that age and frailty-dependent changes at the protein level
scale up to affect function at both the cellular and the
organ levels.

Here we found that the spontaneous beating rate in
Langendorff-perfused hearts was not affected by either
age or frailty. Our finding that the beating rate was
not affected by age agrees with results of most prior
studies in the Langendorff-perfused mouse heart (Stein
et al. 2008; Guzadhur et al. 2012; Porter et al. 2014),
although one study reported an age-dependent decline
in heart rate (Headrick et al. 2003). Our group recently
conducted a study designed to specifically investigate the
impacts of age and frailty on heart rate and sinoatrial node
function in mice (Moghtadaei et al. 2016). We used a range
of techniques, including intra-cardiac electrophysiology
and optical mapping, to show that frailty predicted a
decline in heart rate and sinoatrial node dysfunction
the aging mouse atrium (Moghtadaei et al. 2016). The
reasons we did not observe lower rates in the present
study are unclear, although the present study was not
designed to directly evaluate heart rate and sinoatrial
node function in a detailed manner. It is possible that
differences in experimental conditions (e.g. differences in
experimental preparations, ionic composition of buffer
solutions, different anaesthetics) between the two studies
might be important. Additional work in this area would
be of interest.

There are some limitations to this study. The peak Ca2+
transients reported in our study were relatively small,
although are similar to those reported in our previous
studies under similar experimental conditions, including
physiological temperature (37°C), 2–4 Hz pacing rates
and 1 mM external Ca2+ (e.g. Howlett, 2010; Parks et al.
2014). Previous studies have shown that external Ca2+
concentrations, pacing frequencies and temperature have
a major impact on intracellular Ca2+ (Shattock & Bers,
1987; Shutt & Howlett, 2008; Gattoni et al. 2016). It would
be interesting to explore the impact of frailty and age on
Ca2+ handling in ventricular myocytes with a wider range
of experimental conditions. The range of FI scores for the
Cav1.2 expression experiments only included mice with
FI scores up to 0.30. Although we found that both age
and FI were linked to lower Cav1.2 expression, it would be
interesting to explore the impact of age and frailty on mice
with a wider range of FI scores. We investigated fewer adult
mice than aged mice, so the groups were asymmetrical.
Although theoretically we might have seen more adult
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mice with higher FI scores if we increased the sample size,
we did not see this in our recent large study of frailty in 251
mice followed to extinction (Rockwood et al. 2017). The
FI approach allows the investigation of a homogeneous
population of animals under conditions that minimize
environmental and potential epigenetic differences, which
could facilitate the identification of genetic differences
within the commonly used C57BL6/J strain of mice. This
line of inquiry was not pursued in the present study, but
could be in future studies designed to investigate genetic
links between frailty and cardiovascular function.

Our observation that cardiac hypertrophy and contra-
ctile dysfunction in aging are graded by FI score has
important implications. Previous studies in humans have
shown that frailty increases the risk of cardiovascular
diseases including heart failure in older adults (Afilalo
et al. 2014; Singh et al. 2014; Uchmanowicz et al. 2014;
2015; Boxer et al. 2014; Goldwater & Pinney, 2015;
Jermyn & Patel, 2015). The reasons for this are unclear.
Indeed, little is known about the impact of frailty on
the heart, in part because until recently there has been
no model of frailty in naturally aging animals. We have
clearly shown that myocardial hypertrophy and contractile
dysfunction are closely associated with frailty in an animal
model. These data indicate that maladaptive changes
associated with cardiac aging are prominent in animals
with high frailty scores and suggest that frailty may increase
susceptibility to diseases such as heart failure in older
adults.

We have demonstrated that adverse remodelling in the
aging heart is graded by FI score, which suggests a close
link between cardiac aging and overall health. We found
evidence for a clear connection between frailty and adverse
cardiac remodelling at the level of the intact heart, in
individual ventricular myocytes and at the subcellular
level, as indicated by the negative correlation between FI
score and peak Ca2+ currents. These observations strongly
support the emerging view that aging and ultimately frailty
arises as a consequence of the accumulation of widespread
molecular and cellular deficits that eventually scale up to
produce detectable macroscopic deficits at the organ and
systems levels (Howlett & Rockwood, 2013; Lakatta, 2015;
Rockwood et al. 2015). The mouse FI provides a powerful
new tool that can be used to investigate how subcellular
deficits may accumulate and scale up to produce overt
disease in frail older adults, as well as to design inter-
ventions to attenuate such damage.
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