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Key points

� Sinoatrial node (SAN) function declines with age; however, not all individuals age at the same
rate and health status can vary from fit to frail.

� Frailty was quantified in young and aged mice using a non-invasive frailty index so that the
impacts of age and frailty on heart rate and SAN function could be assessed.

� SAN function was impaired in aged mice due to alterations in electrical conduction, changes
in SAN action potential morphology and fibrosis in the SAN.

� Changes in SAN function, electrical conduction, action potential morphology and fibrosis
were correlated with, and graded by, frailty.

� This study shows that mice of the same chronological age have quantifiable differences in health
status that impact heart rate and SAN function and that these differences in health status can
be identified using our frailty index.

Abstract Sinoatrial node (SAN) dysfunction increases with age, although not all older adults
are affected in the same way. This is because people age at different rates and individuals of the
same chronological age vary in health status from very fit to very frail. Our objective was to
determine the impacts of age and frailty on heart rate (HR) and SAN function using a new model
of frailty in ageing mice. Frailty, which was quantified in young and aged mice using a frailty
index (FI), was greater in aged vs. young mice. Intracardiac electrophysiology demonstrated that
HR was reduced whereas SAN recovery time (SNRT) was prolonged in aged mice; however,
both parameters showed heteroscedasticity suggesting differences in health status among mice of
similar chronological age. Consistent with this, HR and corrected SNRT were correlated with, and
graded by, FI score. Optical mapping of the SAN demonstrated that conduction velocity (CV)
was reduced in aged hearts in association with reductions in diastolic depolarization (DD) slope
and action potential (AP) duration. In agreement with in vivo results, SAN CV, DD slope and AP
durations all correlated with FI score. Finally, SAN dysfunction in aged mice was associated with
increased interstitial fibrosis and alterations in expression of matrix metalloproteinases, which
also correlated with frailty. These findings demonstrate that age-related SAN dysfunction occurs
in association with electrical and structural remodelling and that frailty is a critical determinant
of health status of similarly aged animals that correlates with changes in HR and SAN function.
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Introduction

Heart rate (HR), which is a major determinant of cardio-
vascular performance, is determined by the intrinsic
activity of the sinoatrial node (SAN) – the pacemaker of
the heart (Mangoni & Nargeot, 2008; Lakatta et al. 2010;
Fedorov et al. 2012). The SAN is located in the intercaval
region (i.e. between the superior vena cava and the inferior
vena cava) in the right atrium, adjacent to the crista
terminalis (Dobrzynski et al. 2007). It contains specialized
pacemaker myocytes that generate spontaneous action
potentials (APs) (Fedorov et al. 2012). SAN myocyte
APs are characterized by the presence of a diastolic
depolarization (DD), which is the slow, gradual ‘phase
4’ depolarization of the membrane potential that occurs
between successive APs. This DD is the fundamental
feature of SAN myocytes that enables the generation of
spontaneous APs (Irisawa et al. 1993; Mangoni & Nargeot,
2008; Lakatta et al. 2010).

Sick sinus syndrome, also referred to more generally as
sinoatrial node dysfunction (SND), refers to conditions in
which the pacemaker function of the heart is compromised
due to an inability to adequately generate APs in the SAN
and/or conduct electrical signals to the surrounding atrial
myocardium (Adan & Crown, 2003; Dobrzynski et al.
2007; Monfredi & Boyett, 2015). SND results in atrial rates
that are not sufficient to meet physiological requirements.
Clinical symptoms of SND include bradycardia, fatigue
and syncope as well as increased occurrence of supra-
ventricular tachyarrhythmias such as atrial fibrillation and
atrial flutter (Monfredi & Boyett, 2015).

SND increases in prevalence during ageing and is
common in older adults as demonstrated by the decline
in intrinsic HR seen in aged individuals (Lakatta & Levy,
2003; Dobrzynski et al. 2007; Monfredi & Boyett, 2015;
Alfaras et al. 2016). SND affects 1 in 600 patients over
the age of 65 years and is the most common reason for
artificial pacemaker implantation (Dobrzynski et al. 2007;
Monfredi & Boyett, 2015). The cellular and molecular
basis for the increase in SND in aged populations is not
well understood.

While it is clear that SND is common in older adults
(Dobrzynski et al. 2007) it is important to realize that
individuals do not age at the same rate and chronological
age is not necessarily the same as biological age. This

is because as people age they accumulate health deficits
that manifest as frailty (Searle et al. 2008). Since deficits
can accumulate at different rates, and for different
reasons, individuals of similar chronological age can
vary in health status from very fit to very frail. Frailty
is an important clinical challenge as it increases the risk
of adverse health outcomes in older adults (Rockwood
& Mitnitski, 2007, 2011; Clegg et al. 2013). Frailty is
common in patients with cardiovascular disease and
frail older adults with cardiovascular disease have an
increased risk of worse health outcomes, including death
(McNallan et al. 2013; Singh et al. 2014). Accordingly,
understanding and quantifying frailty has important
implications for identifying and treating older patients
affected by cardiovascular disease who may have similar
ages but vary greatly in health status and prognosis.

While there are different ways of measuring frailty (de
Vries et al. 2011; Heuberger, 2011), we have adopted
the deficit accumulation approach (Mitnitski et al. 2001;
Searle et al. 2008). The principle of this well-validated
method is to assess deficits in health, which can include
signs, symptoms, diseases, disabilities and/or laboratory
abnormalities, and to construct a ‘frailty index’ in which
each individual’s frailty index (FI) score is calculated
as the proportion of deficits present in that individual.
Specifically, the number of health deficits present in each
individual are counted and divided by the total number
of items measured so that FI scores can range from 0
(fittest/least frail, no deficits present) to 1 (least fit/most
frail, all deficits present) (Rockwood et al. 2006; Rockwood
& Mitnitski, 2007; Searle et al. 2008). Importantly, the
specific items included in the FI are less important than
ensuring a minimum number of items are included. As
long as the number of variables is large enough, the
variables can be randomly chosen and they will still result
in very similar assessments for the risk of adverse outcomes
(Rockwood & Mitnitski, 2007, 2011).

Although the biology of frailty is incompletely
understood, it has been proposed that alterations at the
cellular and molecular levels may ultimately give rise to
the deficits that can be observed clinically (Rockwood
& Mitnitski, 2011). This is an essential area of study
that will help translate newly identified mechanisms
of age-related cellular dysfunction into novel clinical
approaches. Accordingly, we recently developed a method
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for quantifying frailty in mice using a non-invasive
31-item FI based on deficit accumulation (Whitehead
et al. 2014). These items are not direct measures of cardio-
vascular function per se, but rather are general measures
of health status. They were chosen based on the concept
that any item included in an FI should be acquired,
age associated, associated with adverse outcomes and
should not saturate too early during the ageing process
(Rockwood & Mitnitski, 2011). Our previous work using
this 31-item FI shows that the relationships between FI
score and age, including quantification of how FI score
and rate of deficit accumulation each increase with age,
are highly comparable in mice and humans (Whitehead
et al. 2014). Thus, our clinical FI approach provides a
powerful new tool for the study of age related cardiac
dysfunction in an animal model.

In the present study we have used our clinical
FI to investigate the impacts of age and frailty on
SAN dysfunction in mice. We demonstrate that SAN
dysfunction occurs in aged mice in association with
both electrical and structural remodelling of the SAN.
Furthermore, changes in SAN function were found to be
graded by FI score. These findings demonstrate that frailty
assessment facilitated the identification of individuals of
differing health status and that changes in SAN function
correlate with FI score (i.e. health status of the individual)
regardless of chronological age.

Methods

Ethical approval

This study used young (mean ± SEM; 13.7 ± 0.4 weeks;
n = 77) and aged (101.8 ± 1.0 weeks; n = 109) male
C57BL/6 mice. Mice were purchased at 3–4 weeks
of age and housed in our animal care facility until
used experimentally. All experimental procedures were
approved by the Dalhousie University Committee for
Laboratory Animals and followed the guidelines of the
Canadian Council on Animal Care.

Frailty assessment

Frailty was assessed in all mice immediately prior to
experimental use. This was done using our non-invasive
31-item frailty index, which is based on established clinical
signs of health deterioration in mice (Whitehead et al.
2014; Feridooni et al. 2015). Clinical assessments of the
integument, musculoskeletal, vestibulocochlear/auditory,
ocular, nasal, digestive, urogenital and respiratory systems
were made. We also assessed mice for signs of discomfort
and measured body surface temperature and body mass.
Each of the 31 items that were assessed is listed in our frailty
assessment form (Fig. 1). To score deficit accumulation,
each trait was given a score of 0 (no sign of deficit),
0.5 (mild deficit) or 1 (severe deficit). Deficits in body

mass and body temperature for young mice were scored
based on deviation from the mean of young mice while
deficits in body mass and body temperature for the aged
mice were scored based on deviation from the mean
of the aged mice (Whitehead et al. 2014). For each
animal, the scores for each trait were summed and the
total was divided by the number of items measured (i.e.
31) to provide a FI score between 0 (least frail) and
1 (most frail). Experiments were blinded so individuals
performing functional measurements did not know the FI
score of the mice until after data were analysed.

In vivo electrophysiology and programmed
stimulation

HR was measured in anaesthetized mice (2% isoflurane
inhalation) using 30 gauge subdermal needle electro-
des (Grass Technologies, West Warwick, RI, USA) to
record body surface (lead II) ECGs. In parallel, a
1.2 French octapolar electrophysiology catheter was
inserted in the right heart via the jugular vein and used
for intracardiac programmed stimulation experiments,
as we have described previously (Egom et al. 2015;
Krishnaswamy et al. 2015). Correct catheter placement
was ensured by obtaining a sole ventricular signal in the
distal lead and a predominant atrial signal in the proximal
lead. All stimulation pulses were given at 0.4 mA for 2 ms,
which enabled continuous capture and drive of cardiac
conduction. Sinoatrial node recovery time (SNRT) was
measured by delivering a 12 stimulus drive train at a cycle
length of 100 ms. SNRT is defined as the time between
the last stimulus in the drive train and the occurrence
of the first spontaneous atrial beat (P wave). SNRT was
corrected for heart rate (cSNRT) by subtracting the pre-
stimulus RR interval from the measured SNRT. Data
were acquired using a Gould ACQ-7700 amplifier and
Ponemah Physiology Platform software (Data Sciences
International, St. Paul, MN, USA). Body temperature was
monitored continuously via a rectal probe and maintained
at 37°C with a heating pad.

High resolution optical mapping

To investigate patterns of electrical conduction in the SAN
we used high resolution optical mapping in atrial pre-
parations as we have described previously (Egom et al.
2015; Hua et al. 2015; Krishnaswamy et al. 2015). Mice
were anaesthetized by isoflurane inhalation and killed
by cervical dislocation. Hearts were excised into Krebs
solution (35°C) containing (in mM): 118 NaCl, 4.7 KCl,
1.2 KH2PO4, 12.2 MgSO4, 1 CaCl2, 25 NaHCO3, 11
glucose and bubbled with 95% O2–5% CO2 in order
to maintain a pH of 7.4. The atrial preparation was
superfused continuously with Krebs solution (37°C)
bubbled with 95% O2–5% CO2 and allowed to equilibrate
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Figure 1. Mouse frailty assessment form
This figure was previously published as a table in Whitehead et al. (2014).
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for at least 30 min. During this time the preparation
was treated with the voltage sensitive dye di-4-ANEPPS
(10 μM) and blebbistatin (10 μM) was added to the super-
fusate to suppress contractile activity (Farman et al. 2008;
Fedorov et al. 2010). Blebbistatin was present throughout
the duration of the experiments in order prevent motion
artifacts during optical mapping. Experiments were
performed in sinus rhythm so that the cycle length (i.e.
beating rate) of the atrial preparation was free to change.
In some studies we also used a pacing electrode to pace
atrial preparations at a fixed cycle length of 125 ms in order
to study electrical conduction independently of changes
in cycle length. The pacing electrode was placed near the
opening of the superior vena cava.

Di-4-ANEPPS-loaded atrial preparations were
illuminated with light at a wavelength of 520–570 nm
using an EXFO X-cite fluorescent light source (Lumen
Dynamics, Mississauga, ON, Canada). Emitted fluorescent
light (590–640 nm) was captured using a high speed
EMCCD camera (Evolve 128, Photometrics, Tucson,
AZ, USA). We mapped conduction in the region of the
right atrial posterior wall around the point of initial
electrical excitation, which corresponds to the activation
of the SAN (Glukhov et al. 2010; Fedorov et al. 2012;
Azer et al. 2014). The region that was mapped extended
from the superior vena cava to the inferior cava along
the edge of the crista terminalis, based on the known
anatomical location of the SAN in the mouse heart (Liu
et al. 2007). In these studies the spatial resolution of each
pixel was 50 μm × 50 μm and data were acquired at
900 frames s−1 using Metamorph software (Molecular
Devices, Sunnyvale, CA, USA). Magnification was similar
in all experiments and no pixel binning was used.

The location of the leading pacemaker site was assessed
in all hearts. Shifts in leading pacemaker site were
quantified using a grid in which the vertical axis was placed
parallel, and just adjacent to the crista terminalis. The
horizontal axis was placed along the edge of the opening
of the inferior vena cava, perpendicular to the vertical axis.

All optical data were analysed using custom software
written in MATLAB. Analyses included pseudocolour
electrical activation maps, which were generated from
measurements of activation time at individual pixels. In
each case background fluorescence was subtracted. Local
conduction velocity (CV) was quantified specifically in the
SAN around the site of initial electrical activation in the
right atrial posterior wall using an approach previously
described by us and others (Morley et al. 1999; Nygren
et al. 2004; Azer et al. 2014). Briefly, activation times at
each pixel from a 7 × 7 pixel array were determined
and fitted to a plane using the least squares fit method.
The direction on this plane that is increasing the fastest
represents the direction that is perpendicular to the wave-
front of electrical propagation and the maximum slope
represents the inverse of the speed of conduction in that

direction. Using this method we computed maximum
local CV vectors in the SAN around the leading pacemaker
site. With pixel dimensions of 50 μm × 50 μm, the area of
the 7×7 pixel array was 350μm×350μm, which is within
the anatomical area of the mouse SAN (Liu et al. 2007).
Optical action potential data were obtained by measuring
changes in fluorescence as a function of time at individual
pixels within the SAN as we have described previously
(Azer et al. 2014; Egom et al. 2015).

Collagen staining and collagen assay

Interstitial collagen was assessed using picrosirius red
(collagen) and fast green (myocardium) staining of
paraffin embedded sections (3 μm) through the SAN
region (intercaval region of the right atrial posterior wall
adjacent to the crista terminalis). We confirmed that these
sections were from the SAN region based the expression
of hyperpolarization-activated cyclic nucleotide gated
channel 4 (HCN4) and atrial natriuretic peptide (ANP) in
tissue samples taken from the same region for quantitative
PCR studies (see below). The level of fibrosis was
quantified using ImageJ software as previously described
(Egom et al. 2015; Krishnaswamy et al. 2015).

Total collagen content was measured using a hydro-
xyproline assay (Sigma-Aldrich, St. Louis, MO, USA)
according to kit instructions. These assays were performed
on the whole right atrium, including the SAN region of
the right atrial posterior wall, because the SAN region by
itself did not yield sufficient tissue to run the assay.

Quantitative PCR

Quantitative gene expression in the SAN was performed
as we described previously (Hua et al. 2012; Springer et al.
2012). Intron spanning primers (Sigma-Aldrich, St. Louis,
MO, USA, Invitrogen, Burlington, ON, Canada) were
designed for collagen I (col1a), collagen III (col3a), matrix
metalloproteinase 2 (MMP2), MMP9, tissue inhibitor of
metalloproteinase 1 (TIMP1), TIMP2, TIMP3, TIMP4,
transforming growth factor β (TGFβ) and connective
tissue growth factor (CTGF). β-Actin (Actb) and GAPDH
were used as reference genes. HCN4 and ANP expression
were used to confirm samples were from the SAN as we
have described previously (Hua et al. 2012; Springer et al.
2012). Specifically, HCN4 expression is high in the SAN
compared to the right atrium while ANP expression is
high in the right atrium compared to the SAN. All primer
sequences are provided in Table 1.

Following synthesis primers were reconstituted in
nuclease free water at a concentration of 100 nM and
stored at −20°C. All primer sets were validated in order
to determine the optimal annealing temperature as well as
confirmation of ideal amplification efficiency (between 90
and 110% copy efficiency per cycle).

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society
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Table 1. Quantitative PCR primers

Gene of interest Forward primer (5′ → 3′) Reverse primer (5′ → 3′) Amplicon length (bp)

TIMP1 CAGATACCATGATGGCCCCC CGCTGGTATAAGGTGGTCTCG 190
TIMP2 CCAGAAGAAGAGCCTGAACCA GTCCATCCAGAGGCACTCATC 112
TIMP3 GGCCTCAATTACCGCTACCA CTGATAGCCAGGGTACCCAAAA 135
TIMP4 TGCAGAGGGAGAGCCTGAA GGTACATGGCACTGCATAGCA 80
MMP2 CCACGTGACAAGCCCATGGGGCCC GCAGCCTAGCCAGTCGGATTTGATG 486
MMP9 TCGCGTGGATAAGGAGTTCTC ATGGCAGAAATAGGCTTTGTCTTG 82
TGFβ1 CGAGGTGACCTGGGCACCATCCATGAC CTGCTCCACCTTGGGCTTGCGACCCAC 405
CTGF TCCCGAGAAGGGTCAAGCT TCCTTGGGCTCGTCACACA 222
Col1a GCGGACTCTGTTGCTGCTTGC GACCTGCGGGACCCCTTTGT 125
Col3a AGATCCGGGTCCTCCTGGCATTC CTGGTCCCGGATAGCCACCCAT 194
GAPDH AATGGGGTGAGGCCGGTGCT CACCCTTCAAGTGGGCCCCG 87
β-Actin AGCCATGTACGTAGCCATCC TCTCAGCTGTGGTGGTGAAG 227
HCN4 CCAGGAGAAGTATAAACAGGTGGAGCG GTTGATGATCTCCTCTCGAAGTGGCTC 169
ANP CAAGAACCTGCTAGACCACCTGGAG AGAGGTGGGTTGACCTCCCCAGTCC 153

RNA was extracted in PureZOL RNA isolation reagent
according to kit instructions (Aurum Total RNA Fatty and
Fibrous Tissue Kit, Bio-Rad, Mississauga, ON, Canada).
RNA was eluted in 40 μl of elution buffer from the spin
column. RNA concentrations were determined using a
Qubit fluorometer (Invitrogen) and first strand synthesis
reactions were performed using the iScript cDNA synthesis
kit (Bio-Rad) according to kit instructions. The Experion
Automated Electrophoresis System (Bio-Rad) was used to
assess RNA quality by observing the 28S and 18S rRNA
subunits prior to first strand synthesis. Lack of genomic
DNA contamination was verified by reverse transcription
(RT)-PCR using a no RT control.

Quantitative reverse transcription PCR (RT-qPCR)
using BRYT green dye (Promega, Madison, WI, USA) was
used to assess gene expression. Following RNA extraction,
cDNA was synthesized and 10μl reactions were performed
with 5.6 μl of BRYT green dye, 4 μl cDNA template (at
the appropriate dilution), and 0.4 μl of primers. Primers
were used at a concentration of 10 nM. Reactions were
carried out using the CFX384 Touch Real-Time PCR
Detection System (Bio-Rad). Amplification conditions
were as follows: 95°C for 2 min to activate Taq poly-
merase, followed by 39 cycles of denaturation at 95°C
for 15 s, annealing at 60°C for 30 s, and extension at
72°C for 30 s. Melt curve analysis was performed from
65 to 95°C in 0.5°C increments. Single amplicons with
appropriate melting temperatures and sizes were detected.
Data were analysed using the 2−��CT method by which the
expression values are determined relative to an internal
control and normalized to both GAPDH and β-actin.

Statistical analysis

Data are presented as box and whisker plots or
means ± standard error of the mean (SEM). Data were
analysed using Student’s t test, Mann–Whitney rank sum

test, two-way ANOVA with Tukey’s post hoc test or Fisher’s
exact test, as indicated in each figure legend, to detect
differences in young vs. aged mice. To assess differences as a
function of frailty we performed linear regression analysis
and used Pearson’s correlation to obtain correlation
coefficients. P < 0.05 was considered significant.

Results

Assessment of frailty in mice

Initially, an FI score was generated for each individual
mouse using our recently developed non-invasive FI for
mice (Whitehead et al. 2014; Feridooni et al. 2015). The
mean FI score was 0.11 ± 0.04 in the young mice and
0.25 ± 0.05 in the aged mice (P < 0.001; Fig. 2). These
data demonstrate that mice of similar chronological age
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Figure 2. Relationship between age and frailty in mice
Two groups of male C57BL/6 mice were used in this study including a
group of young mice with a mean age of 13.7 ± 0.4 weeks (n = 77)
and a group of aged mice with a mean age of 101.8 ± 1.0 weeks
(n = 109). Graph shows the summary of differences in FI score
between young and aged mice. Data analysed using Student’s t test.
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have a range of FI scores (i.e. differences in health status),
which can be quantified using our FI. Note that while, on
average, aged mice were more frail than young mice there
is overlap in FI score between young and aged mice (i.e.
the highest FI scores in the young mice overlapped with
the lowest FI scores in the aged mice).

Effects of age and frailty on sinoatrial node function

An age-dependent decline in HR and intrinsic SAN
function is known to occur (Monfredi & Boyett, 2015),

including in mice (Larson et al. 2013); however, how
HR and SAN function are impacted by frailty is not
known. Accordingly, we began by measuring HR and
cSNRT using intracardiac programmed stimulation in
anaesthetized young and aged mice (Fig. 3A). HR was
reduced (P < 0.001) in aged mice in comparison to
young mice (Fig. 3B). Consistent with this, cSNRT, which
is a direct measure of SAN function, was prolonged
(P < 0.001) in aged mice (Fig. 3C). Interestingly, we
observed a high degree of variability within age groups
such that HR and cSNRT can vary greatly in mice of similar
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Figure 3. Effects of age and frailty on heart rate and sinoatrial node function in anaesthetized mice
A, representative ECG recordings during programmed electrical stimulation in a young mouse and an aged mouse.
Sinoatrial node recovery time (SNRT) was measured as described in the Methods. B, summary of differences in
HR between young and aged mice. C, summary of differences in corrected SNRT (cSNRT) between young and
aged mice. Data in B and C analysed by Mann–Whitney rank sum test; n = 29 young and 34 aged mice. D, linear
regression analysis of HR as a function of FI for the same mice as used in B. For this and all subsequent linear
regression analysis plots the young mice are represented by black circles and the aged mice are represented by
red circles. E, linear regression analysis of cSNRT as a function of FI for the same mice as used in C. HR and cSNRT
were graded by FI; for D and E, n = 63 mice; correlation coefficients obtained using Pearson’s correlation.
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chronological age. Furthermore, the data in Fig. 3B and C
demonstrate that the variability in both HR and cSNRT is
much larger in the aged mice, which suggests that there are
factors other than chronological age that impact HR and
SAN function. To determine how this heteroscedasticity
was impacted by frailty, HR in each individual animal
(young animals shown in black and aged shown in red as
in the box plots in panels B and C) was plotted as a function
of each animal’s FI score. These data demonstrate that HR
was negatively correlated (P = 0.02) with frailty whereby
HR decreased as the FI score increased (Fig. 3D). Similarly,
cSNRT was also correlated with frailty (P < 0.001) such
that cSNRT increased with increasing FI scores (Fig. 3E).

These analyses demonstrate that HR and cSNRT were
graded with FI score and that HR and cSNRT fall along
a continuum when measured as a function of frailty (i.e.
health status).

To further assess intrinsic SAN function in vivo we
next measured HR following application of atropine
and propranolol to block muscarinic and β-adrenergic
receptors, respectively (Fig. 4). This enables an assessment
of HR due to intrinsic SAN function, independently of
the autonomic nervous system (Rose et al. 2007; Egom
et al. 2015; Krishnaswamy et al. 2015). Representative
surface ECGs (Fig. 4A) and summary data (Fig. 4B)
demonstrate that application of atropine and propranolol
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Figure 4. Effects of age and frailty on heart rate following autonomic nervous system blockade in
anaesthetized mice
A, representative ECG recordings at baseline and following intraperitoneal injection of atropine (10 mg kg−1) and
propranolol (10 mg kg−1) to block the autonomic nervous system. B, summary of the effects of atropine and
propranolol (blockade) on HR in young and aged mice. ∗P < 0.05 vs. baseline, +P < 0.05 vs. young by two-way
ANOVA with Tukey’s post hoc test; n = 17 young and 16 aged mice. C and D, linear regression analysis of HR as a
function of FI at baseline (C) and after autonomic blockade (D) for the same mice as used in B (n = 33; correlation
coefficients obtained using Pearson’s correlation).
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decreased (P < 0.001) HR in young and aged mice
and that HR was lower (P = 0.006) in the aged mice
at baseline and after autonomic blockade. Consistent
with the data in Fig. 3, scatter plots of HR as a
function of FI score demonstrate that HR is graded as a
function of frailty at baseline (P = 0.003; Fig. 4C) and
after autonomic blockade (P = 0.05; Fig. 4D) further
demonstrating that HR and SAN function decrease as
frailty increases.

Impacts of age and frailty on electrical conduction
and activation patterns in the sinoatrial node

To investigate how age and frailty impact patterns of
electrical conduction in the SAN we used high resolution
optical mapping in intact atrial preparations (Fig. 5A) in
which we can map electrical activation and propagation
from the SAN within the right atrial posterior wall, as
we have described previously (Azer et al. 2014; Egom et al.
2015; Krishnaswamy et al. 2015). Representative activation
maps for young and aged hearts (Fig. 5B) in sinus rhythm
demonstrate that the aged heart had an inferior leading
pacemaker site adjacent to the crista terminalis within the
right atrial posterior wall and a slower conduction time
than the young heart which had a leading pacemaker site
in the superior region of the right atrial posterior wall near
the opening of the superior vena cava.

To accurately assess activation patterns we mapped
the location of the leading pacemaker site for all hearts
according to three FI score ranges (low: 0–0.1; inter-
mediate: 0.1–0.25; high: 0.25–0.5). These data (Fig. 5C)
demonstrate that all hearts showed a leading pacemaker
site adjacent to the crista terminalis within the right atrial
posterior wall and that these were distributed across the
right atrial posterior wall from superior to inferior regions
of the preparation. It is evident from these data that the
least frail hearts (i.e. FI score less than 0.1) primarily
showed superior leading pacemaker sites whereas the most
frail hearts (i.e. FI score greater than 0.25) tended to have
more inferior leading pacemaker sites. Hearts with FI
scores between 0.1 and 0.25 showed a mixture of superior
and inferior leading pacemaker sites. These observations
are further demonstrated in Fig. 5D where the distance
from the intersection of a set of axes (placed adjacent to
the crista terminalis and along the edge of the inferior
vena cava) for each leading pacemaker site was measured
and averaged for each range of FI. These measurements
indicate that the location of the leading pacemaker site
within the right atrial posterior wall is affected by the
health status of the individual (i.e. frailty).

Next, we quantified the effects of age and frailty on cycle
length in atrial preparations. Cycle length was slightly
higher (corresponding to a lower HR) in aged mice
(P = 0.445; Fig. 5E), but showed substantial variability,
particularly in the aged mice. We also measured local

conduction velocity (CV) within the SAN as we have
described previously (Azer et al. 2014; Krishnaswamy et al.
2015). These data demonstrate that SAN CV was lower
(P < 0.001) in aged hearts compared to young hearts
(Fig. 5F) but was also highly variable. Importantly, and
consistent with our in vivo findings, cycle length was
clearly correlated (P = 0.014) with FI score such that cycle
length increased as FI score increased and was graded
by frailty (Fig. 5G). Similarly, the reduction in SAN CV
was negatively graded and correlated with increasing FI
score (P < 0.001; Fig. 5H), once again showing that frailty
analysis enabled us to discriminate changes in SAN activity
as a function of differences in health status separately from
chronological age. We also measured changes in SAN CV
in atrial preparations that were paced at a fixed cycle length
of 125 ms in order to account for the possibility of rate
dependent effects. These experiments (Fig. 6) demonstrate
very comparable results to those obtained for atrial pre-
parations in sinus rhythm. Note that overall, SAN CVs
are low (i.e. less than 10 cm s−1) as expected for the SAN
(Verheijck et al. 2001; Fedorov et al. 2006; Azer et al. 2014).
Collectively, these data demonstrate that SAN function
decreases with increasing FI score.

In some instances we observed beat to beat variability
in the location of the leading pacemaker site within the
same heart. An example of this is shown in representative
activation maps from two consecutive beats from the same
heart in Fig. 7A. In this example the first activation map
shows a leading pacemaker site in the superior region of the
preparation and a conduction time of 11 ms. The second
activation map demonstrates that the leading pacemaker
site shifted towards the inferior region of the preparation
and had a slower conduction time of 14 ms. Figure 7B
shows the leading pacemaker sites for all hearts that had
more than one activation site, grouped according to FI
score. Different leading pacemaker sites within a given
heart are connected by lines. The magnitudes of the shifts
in leading pacemaker site for each heart are quantified
in Fig. 7C. These data demonstrate that in the majority of
cases leading pacemaker sites shifted between superior and
inferior locations along the border of the crista terminalis;
however, in some cases lateral shifts towards the inferior
region of the interatrial septum and the septal leaflet of
tricuspid valve were also observed. Quantification of these
data showed that more aged hearts had multiple activation
sites in comparison to young hearts (38% vs. 10%);
however, this was not statistically significant (P = 0.142;
Fig. 7D). In contrast, analysing these data as a function of
frailty illustrates that multiple activation sites were more
prevalent (P < 0.05) in hearts from the two higher FI
score ranges compared to hearts with FI scores less than
0.1 (Fig. 7E). Note that hearts showing more than one
activation site were also included in the analysis in Fig. 5.
In these cases only the superior activation site adjacent to
the crista terminalis was included.
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Figure 5. Effects of age and frailty on patterns of electrical conduction in mice
A, mouse atrial preparation used for optical mapping experiments. The heart is positioned such that the right
atrium is on the right side of the image. SVC, opening of the superior vena cava; IVC, opening of the inferior
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aged mouse. Red colour indicates earliest activation time in the SAN within the right atrium. Time interval between
isochrones is 1.2 ms for the young map and 1.5 ms for the aged map. C, location of the leading pacemaker site
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inferior vena cava. D, average location of leading pacemaker site as a function of FI range. These values were
obtained by measuring, and averaging, the distances from the intersection of the orange axes for each heart
depicted in C. E and F, summary of the effects of age on cycle length (E) and SAN conduction velocity (F). Data
analysed using Mann–Whitney rank sum test; n = 10 young and 40 aged mice. G and H, linear regression analysis
of cycle length (G) and SAN conduction velocity (H) as a function of FI (n = 50 mice; correlation coefficients
obtained using Pearson’s correlation).

Effects of age and frailty on sinoatrial node action
potential morphology

We next measured the effects of age and frailty on
optical action potential (AP) morphology in the SAN.
As expected, SAN APs occurred spontaneously and
were characterized by a diastolic depolarization (DD)
between successive APs (Mangoni & Nargeot, 2008; Azer
et al. 2014; Egom et al. 2015) (Fig. 8A). Quantitative
analysis demonstrates that the DD slope was reduced
(P = 0.002) in the SAN of aged mice (Fig. 8B). We also
measured AP duration at 50% (APD50) and 70% (APD70)
repolarization. These analyses illustrate that while APD50

tended to be shorter (P = 0.08; Fig. 8C), APD70 was
reduced (P = 0.004; Fig. 8D) in aged hearts. Once again,
there was variability in the magnitude of these parameters,
especially in DD slope, in mice of similar chronological
age. Furthermore, this variability was much greater in the
aged mice compared to the young mice. When analysed
by FI score, we found that DD slope (P < 0.001), APD50

(P = 0.001) and APD70 (P = 0.003) were all negatively
correlated with, and graded by, frailty (Fig. 8E–G). Thus,
frailty analysis enabled us to identify alterations in SAN AP
morphology as a function of differences in health status
separately from chronological age.

Effects of age and frailty on interstitial fibrosis
in the sinoatrial node

Structural remodelling due to fibrosis is known to
contribute to changes in electrical conduction in the heart,

including in the SAN (Glukhov et al. 2010; Miragoli &
Glukhov, 2015); therefore, we assessed patterns of inter-
stitial fibrosis in the intercaval region of the right atrial
posterior wall adjacent to the crista terminalis (i.e. the
SAN region). These tissue sections were confirmed to
contain the SAN because tissue samples isolated from this
region of the heart for quantitative PCR studies (see below)
demonstrate a pattern of gene expression (high expression
of HCN4 and low expression of ANP) that is characteristic
of the SAN, but not the atrium, as we and others have
shown previously (Liu et al. 2007; Hua et al. 2012; Springer
et al. 2012). Representative histological images (Fig. 9A)
of picrosirius red stained sections, and quantification of
these images, illustrate an increase (P < 0.001) in inter-
stitial fibrosis in the SAN of aged vs. young hearts (Fig. 9B).
Furthermore, this increase in SAN interstitial fibrosis was
positively correlated (P = 0.02) with, and graded by, the
FI score (Fig. 9C).

Collagen content was further quantified using hydro-
xyproline assays. Due to the very small size of the SAN
region, which did not yield sufficient tissue, these assays
were performed on the whole right atrium. Analysis
demonstrates that total collagen content in the right
atrium was increased (P = 0.002) in aged hearts (Fig. 9D)
and that collagen content was positively correlated
(P = 0.0004) with FI score (Fig. 9E).

To determine if increased fibrosis in the SAN of aged and
frail hearts was associated with changes in active collagen
production we measured the mRNA expression of collagen
type I and collagen type III (the predominant interstitial
collagens in the myocardium; Kassiri & Khokha, 2005)
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regression analysis of SAN conduction velocity as a function of FI (n = 50 mice).
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in the SAN. Neither collagen I (P = 0.08; Fig. 9F) nor
collagen III (P = 0.08; Fig. 9G) showed any differences in
expression in the SAN of aged vs. young hearts. Similarly,
neither collagen I (P = 0.27; Fig. 9H) nor collagen III
(P = 0.43; Fig. 9I) showed any correlation with the FI
score. We also measured the mRNA expression of TGFβ

and CTGF (both known to play a role in the production
of collagens in the heart; Thannickal et al. 2014; Leask,
2015) in the SAN of young vs. aged hearts. These data
demonstrate that there were no differences in expression
of TGFβ or CTGF whether analysed by age or by FI
score (Fig. 10). The tissue samples used in these qPCR
experiments were confirmed to be from the SAN based
on the high expression of HCN4 and low expression of
ANP relative to adjacent regions from the right atrium
(Fig. 11).

The data above demonstrate that interstitial fibrosis
is increased in the SAN of aged and frail hearts,
but suggest that this is not due to actively increased
collagen production. Accordingly, we next considered the
possibility that fibrosis in the SAN was associated with
changes in regulation of the extracellular matrix by matrix

metalloproteinases (MMPs) and/or tissue inhibitors of
metalloproteinases (TIMPs). MMPs function to process
and degrade extracellular matrix proteins, including
collagens, while TIMPs act as inhibitors of MMPs (Spinale,
2002, 2007; Kassiri & Khokha, 2005; Nagase et al. 2006).

We measured the mRNA expression of MMP2 and
MMP9 (gelatinases in the heart that are both known to
degrade collagen type I and, in the case of MMP2, collagen
type III; Kassiri & Khokha, 2005) in the SAN. MMP2
expression tended to be lower in aged hearts; however, sub-
stantial variability was evident within age groups and the
differences did not reach statistical significance (P = 0.06;
Fig. 12A). In contrast, MMP2 expression showed a clear
negative correlation (P = 0.02) with FI score (Fig. 12A).
MMP9 expression in the SAN was not different (P = 0.66)
in young vs. aged hearts and was not correlated (P = 0.58)
with FI score (Fig. 12B). We also measured the mRNA
expression of TIMP1, TIMP2, TIMP3 and TIMP4 in the
SAN. These data (Fig. 12C–F) demonstrate no significant
differences in TIMP expression in the SAN as a function
of age or frailty. Collectively, these experiments show that
there is a reduction in MMP2 expression without changes
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in TIMP expression in the SAN and that frailty was better
able to identify these alterations than chronological age.

Since remodelling of the extracellular matrix is
determined by the balance between MMP and TIMP
activities we also quantified the ratios between TIMP1–4
and MMP2 (because this MMP was reduced in aged/frail
hearts). These data (Fig. 13) illustrate that the ratios
of TIMP2 and TIMP4 to MMP2 are increased in aged
and frail mice. A reduction in MMP2 expression and/or
alterations in the balance between MMP2 and TIMP
activity could explain the increase in interstitial fibrosis
we observed in the SAN of aged and frail hearts (see
Discussion).

Discussion

In this study we investigated mechanisms underlying
the reductions in HR and SAN function that occur in
association with ageing using a mouse model. Our data
demonstrate that HR was reduced in aged mice and that
this is associated with a decline in intrinsic SAN function,
as assessed by cSNRT and measures of HR in the pre-
sence of autonomic nervous system blockers. Collectively,
these findings confirm that, as in humans, intrinsic HR is
reduced in aged mice. This is also consistent with other
studies in animal models of ageing (Di Gennaro et al.
1987; Jones et al. 2004; Tellez et al. 2011; Larson et al.
2013). Importantly, it is well appreciated from clinical
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Figure 9. Effects of age and frailty on
interstitial fibrosis and collagen production
in the sinoatrial node
A, representative images demonstrating patterns
of interstitial collagen deposition (red colour) in
the right atrial posterior wall (intercaval region
adjacent to the crista terminalis) from young
and aged hearts. B, quantification of fibrosis
from histological sections as depicted in A. Data
analysed using Student’s t test; n = 5 young and
4 aged hearts. C, linear regression analysis of
interstitial collagen in the SAN region as a
function of FI (n = 9 hearts). D, effects of age on
total collagen content in the right atrium by
hydroxyproline assay. Data analysed using a
Mann–Whitney rank sum test; n = 10 young
and 10 aged hearts. E, correlation between total
collagen content in the right atrium and FI
(n = 20 hearts; correlation coefficient obtained
using Pearson’s correlation). F and G,
quantitative mRNA expression of collagen I (F)
and collagen III (G) in the SAN of young and
aged mice. Data analysed using Student’s t test;
n = 9 young and 8 aged hearts. H and I,
correlation between SAN expression of
collagen I (H) and collagen III (I) expression and
FI (n = 17 hearts; correlation coefficient
obtained using Pearson’s correlation).
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gerontology studies that not all individuals age at the
same rate and that the health status of people of the
same chronological age can vary from very fit to very
frail (Rockwood & Mitnitski, 2007, 2011). Consistent with
this concept, our data demonstrate that HR and SAN
function show substantial heteroscedasticity (i.e. there
is variability in measures of SAN function in mice of
similar chronological age, particularly in the aged mice).
This suggests that factors other than, or in addition to,
chronological age can impact SAN function.

Here we have used our novel, non-invasive frailty index
for mice (Whitehead et al. 2014) to assess changes in HR

and SAN function in relation to frailty in our animal
model of ageing. This approach clearly demonstrates that
animals of the same chronological age can have different
FI scores and that changes in HR and cSNRT are highly
correlated with frailty. This is of importance based on the
differences in FI scores within age groups as well as the
fact that we observed overlap in FI scores between young
and aged mice (i.e. young mice could have a relatively
high FI score and aged mice could have a relatively low
FI score). Indeed, our analysis demonstrates that mice
of very different chronological ages (i.e. young vs. aged)
could have very similar measures of SAN function when
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they had comparable FI scores. Furthermore, mice of the
same chronological age could have substantial differences
in SAN function, which was also correlated with FI score.
Thus, our findings clearly demonstrate that frailty analysis
enabled us to identify differences in health status and
that measures of SAN function were highly correlated
with FI score. Despite the fact that two distinct age
groups were studied (and hence data as a function of
age are presented as two distinct groups), frailty analysis
demonstrates that HR and SAN function fall along a
continuum when measured as a function of FI score.
Thus, frailty analysis enabled us to demonstrate that health
status impacts the decline in HR and SAN function seen in

ageing populations. This has major implications for our
understanding of the biology of ageing and for clinical
decision making in patients who may be more or less frail
and, thus, how they might be able to tolerate different
interventions. Based on these observations an important
question is whether age or frailty is better correlated with
changes in SAN function. This could be pursued in future
studies by using mice of several different chronological
ages and performing frailty analysis in these different age
groups.

The fundamental biology of frailty, including in the
context of a decline in intrinsic SAN function, is poorly
understood. Our development of a method for assessing
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Figure 12. Quantitative mRNA expression of matrix metalloproteinases (MMPs) and tissue inhibitors of
metalloproteinases (TIMPs) in the SAN
Expression of MMP2 (A), MMP9 (B), TIMP1 (C), TIMP2 (D), TIMP3 (E) and TIMP4 (F) are shown as a function of age
(top panels) and FI (bottoms panels). For box and whisker plots data were analysed by Student’s t test (n = 8 young
and 8 aged hearts). For scatter plots correlation coefficients were obtained using Pearson’s correlation; n = 16
hearts).
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frailty in mice opens up the opportunity to investigate the
cellular and molecular mechanisms by which changes in
frailty contribute to a decline in SAN function. Indeed, our
recent studies have demonstrated that changes in cardiac
function are linked to FI rather than age (Parks et al.
2012). Using the FI approach, we were able to demonstrate
that changes in HR and SAN function are associated with
electrical and structural remodelling of the SAN, both
of which were highly correlated with frailty. In terms of

electrical remodelling, we used high resolution optical
mapping to demonstrate that SAN activation patterns and
conduction are altered in aged and frail mice. Interestingly,
the location of the leading pacemaker site (i.e. the point
of initial electrical activation within the right atrial post-
erior wall) was dependent on the degree of frailty, whereby
the least frail mice had, on average, a leading pacemaker
site closer to the superior vena cava and the more frail
mice had a leading pacemaker site that was, on average,
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Figure 13. Ratios of expression of
TIMPs/MMP2 in the sinoatrial node
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plots correlation coefficients were obtained using
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shifted inferiorly (towards the inferior vena cava). These
observations strongly suggest that the physical location of
the leading pacemaker site (the region of the SAN with the
highest rate of intrinsic spontaneous activity) is a critical
determinant of HR in vivo and that, as frailty increases,
this site shifts within the SAN. Consistent with this, it is
well known that the location of the leading pacemaker
site within the SAN can change in different physiological
conditions, such as during changes in autonomic nervous
system tone (Fedorov et al. 2006, 2010; Glukhov et al. 2010;
Krishnaswamy et al. 2015) or in the presence of hormones
such as natriuretic peptides (Azer et al. 2014), and that
these changes in leading pacemaker site are correlated
with changes in HR in vivo. While our studies of leading
pacemaker site were performed in isolated preparations
with no nervous system present, there is evidence that
autonomic tone is also impacted by frailty (Katayama
et al. 2015), suggesting that this may further contribute
to changes in location of the leading pacemaker site and
hence SAN function in frail older individuals.

Interestingly, in some hearts, we observed beat to beat
changes in the location of the leading pacemaker site.
In the majority of cases, these involved shifts between
a superior site and an inferior site along the border
of the crista terminalis (i.e. within the SAN). In a few
instances, however, we observed lateral shifts from a
location adjacent to the crista terminalis to a site near
the interatrial septum and septal leaflet of the tricuspid
valve. It is possible that these lateral sites are in the
atrioventricular node, which is known to be located in
this region of the right atrium (i.e. within the triangle
of Koch, adjacent to the septal leaflet of the tricuspid
valve; Marionneau et al. 2005; Dobrzynski et al. 2006).
Additional studies will be required to determine the precise
identity of these sites in aged/frail hearts as well as the
physiological basis for these shifts. Quantification of the
number of hearts that showed multiple activation sites
demonstrated that frailty was a better and more accurate
predictor of this phenomenon than chronological age,
which failed to reveal a statistically significant difference.

We were also able to measure cycle length (i.e. beating
rate) as well as local SAN CV in our experiments. Our
analyses demonstrate that cycle length and CV were
both highly correlated with the FI score. These studies
demonstrate that frailty was effectively able to identify
changes in health status of individual mice and that SAN
CV (a major determinant of SAN function and HR;
Fedorov et al. 2010, 2012) is critically affected by frailty.
As expected, CVs were very low in the SAN, typically less
than 10 cm s−1 (Azer et al. 2014; Egom et al. 2015). This
is because the SAN AP upstroke is primarily generated by
calcium currents as opposed to APs in the working atrial or
ventricular myocardium, which rely on the much larger
and faster sodium current to generate the AP upstroke
(Mangoni & Nargeot, 2008).

Measurements of optical APs revealed changes in
AP morphology in the SAN of aged and frail mice.
The DD slope, which is a major determinant of SAN
AP firing frequency (Mangoni & Nargeot, 2008), was
reduced in aged mice and was negatively correlated
with FI score. Similarly, we observed reductions in SAN
AP duration that also correlated with the FI score.
When measured as a function of chronological age, DD
slope, in particular, showed substantial heteroscedasticity
indicating that factors other than age impact on this
critical aspect of SAN function (DD slope is the critical
component of the SAN myocyte AP that determines HR
in vivo; Mangoni & Nargeot, 2008; Lakatta et al. 2010).
Consistent with the other measures of SAN function
described above, frailty was a powerful determinant of
DD slope in SAN myocytes. While the mechanisms by
which frailty impacts function at the cellular levels are not
well understood (Rockwood & Mitnitski, 2011; Whitehead
et al. 2014), our findings do confirm that frailty affects
key cellular aspects of SAN myocyte physiology. This is
consistent with other studies that have also shown that
cellular changes in the heart are linked to frailty rather
than age (Parks et al. 2012).

We have not investigated the ionic basis for the changes
in SAN AP morphology we have observed; however,
numerous studies have shown that electrical remodelling
in the SAN during ageing is associated with down-
regulation of several ionic currents including If, INa, ICa,L,
ICa,T, as well as the downregulation of ryanodine receptors
in the sarcoplasmic reticulum and changes in expression
of connexins in SAN myocytes (Jones et al. 2004, 2007;
Hao et al. 2011; Tellez et al. 2011; Larson et al. 2013; Liu
et al. 2014). Reduction in these currents is consistent with
the reductions in DD slope and AP duration, as well as the
slowing of SAN CV we have observed in our study. It will
be very interesting to determine whether changes in any
of these specific ion currents are correlated with frailty,
which has not been investigated.

In addition to electrical remodelling, we also observed
an age and frailty dependent increase in structural
remodelling due to fibrosis in the SAN. This is important
because, while it has been suggested that SAN fibrosis is
a primary pathological mechanism that underlies SND
(Mangrum & DiMarco, 2000; Adan & Crown, 2003;
Herrmann et al. 2011; Alfaras et al. 2016), this has been
disputed (Morris et al. 2011). Indeed, some studies in
hearts from ageing humans and animals have failed to
identify fibrosis in the SAN (Alings et al. 1995; Yanni
et al. 2010). We assessed fibrosis in the SAN using a
number of approaches. Firstly, we performed histology
and stained for collagen in sections of the right atrial post-
erior wall containing the SAN. These data demonstrate
that interstitial fibrosis was increased in aged SAN and
that this was graded by FI. We also measured total collagen
content using hydroxyproline assays. Consistent with our

C© 2016 The Authors. The Journal of Physiology C© 2016 The Physiological Society



J Physiol 594.23 Effects of age and frailty on the sinoatrial node 7123

histology, total collagen content was increased in the
right atrium of aged hearts and was highly correlated
with FI. Collectively, these findings indicate that fibrosis
does occur in the SAN during the ageing process and
that frailty (i.e. health status) is a critical determinant of
this response. Fibrosis has been shown to interfere with
electrical conduction in the SAN (Fedorov et al. 2009;
Csepe et al. 2015) and would therefore be expected to
contribute to the changes in SAN function that occur in
ageing and as a function of frailty as observed in our
study.

Interestingly, we found that enhanced SAN fibrosis in
aged and frail hearts was not associated with an active
increase in collagen production at the mRNA level. This
is based on the observation that there were no differences
in expression of collagen I and collagen III in the SAN,
whether evaluated by chronological age or by frailty.
Similarly, neither age nor FI were associated with any
differences in the expression of TGFβor CTGF (profibrotic
signalling proteins; Thannickal et al. 2014; Travers et al.
2016) in the SAN. This is consistent with findings in the
SAN of aged, obese rats (Yanni et al. 2010). In contrast,
our study did reveal changes in the expression of MMPs.
Specifically, we found that expression of MMP2 (known
to play a role in the degradation of collagens I and III
in the extracellular matrix; Kassiri & Khokha, 2005) was
reduced in the SAN of aged mice and that this reduction
was graded by FI. MMP9, on the other hand was not
changed in the SAN of aged or frail mice. A reduction in
MMP2 activity could result in less breakdown of collagens
in the extracellular matrix and contribute to the increased
amounts of interstitial fibrosis we observed in the SAN of
aged and frail mice.

We also measured the expression of TIMP1–4 in the
SAN and found no changes as a function of age or
frailty; however, remodelling of the extracellular matrix
is dependent on the balance between MMP and TIMP
activity (Kassiri & Khokha, 2005). Therefore, we measured
the ratios of each of TIMP1–4 to MMP2 expression in
the SAN, which revealed several changes. Specifically, we
found that in aged and frail hearts there were increases in
the ratios of expression of TIMP2 and TIMP4 to MMP2.
These increases would be expected to further reduce MMP
activity in the SAN of aged and frail hearts, which is
consistent with our observation that interstitial fibrosis is
increased in the SAN of these mice. Our observations are
also consistent with recent studies showing that ventricular
fibrosis is increased in aged rats in association with changes
in expression of MMPs and TIMPs rather than changes in
collagen expression (Sangaralingham et al. 2011, 2016)
and with studies demonstrating that plasma levels of
MMPs and TIMPs are altered in ageing humans (Bonnema
et al. 2007).

In summary, intrinsic SAN function is known to
decline with age and SND is of major clinical importance

in aged individuals, frequently requiring pacemaker
implantation with attendant risks and high costs (Uretsky
& Sheahan, 1997; Costa & Richman, 2016). We have
examined the effects of age on SAN function in mice
and used our recently developed FI to study how the
health status of individuals impacts SAN function. Our
study demonstrates that the age-dependent decline in
intrinsic SAN function occurs in association with electrical
remodelling of the SAN, including reductions in SAN
CV and alterations in SAN AP morphology (reductions
in DD slope and AP duration), as well as increases in
SAN fibrosis. Critically, our novel approach to quantifying
frailty in mice enabled us to demonstrate that frailty is
significantly associated with SAN dysfunction, including
at the cellular and molecular levels. More specifically, we
found that all changes in SAN function were graded by FI
score indicating that animals of the same chronological age
have quantifiable differences in health status that impact
HR and SAN function and that frailty analysis enables us to
identify these differences in health status. Our work creates
a system that will further facilitate critical and essential
studies of the cellular and molecular mechanisms that
underlie the development of frailty and SAN dysfunction.
This has important implications for understanding how
and why function may differ in similarly aged individuals,
which may affect decision making around procedures that
may or may not be necessary and/or tolerated in specific
individuals.
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Translational perspective

Heart rate, which is a major determinant of cardiac performance, is determined by the intrinsic, spontaneous
activity of the sinoatrial node (SAN). Heart rate and SAN function are known to decline with age and this is
a major cause of artificial pacemaker implantation; however, the basis for this decline in SAN activity in the
ageing heart is incompletely understood. Furthermore, it is known that not all individuals age at the same rate
and that individuals of similar chronological age can vary widely in health status. More specifically, individuals
can vary from being very fit to very frail. Here we have utilized a newly developed method for quantifying frailty
in mice using a non-invasive frailty index and studied the basis for changes in heart rate and SAN function
as a function of age and frailty. Our study demonstrates that SAN function was impaired in aged mice due
to electrical remodelling (i.e. changes in electrical conduction and action potential morphology) as well as
structural remodelling (i.e. the development of fibrosis in the SAN). Critically, these changes were found to be
highly correlated with frailty. Thus, our study shows that differences in frailty (i.e. health status) can be quantified
in ageing individuals and that frailty is a strong predictor of the decline in heart rate and SAN function separately
from chronological age. This work establishes an important new model for studying the cellular and molecular
basis for frailty and how it affects the heart, which is very poorly understood.
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