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Abstract figure legend Illustration of calcium spark function and ryanodine receptor (RyR) structure within a sedentary
model of ageing. Upon sympathetic stimulation from 1 uM isoprenaline a linear response to calcium spark morphology
occurred, accompanied by a biphasic progression of RyR remodelling across age.

Abstract Intracellular calcium handling underpins excitation-contraction coupling in the heart,
and its dysfunction has been linked to both mechanical and electrical impairments. Age-related
remodelling of the structure-function relationships that underpin calcium spark morphology
and dynamics may therefore be causatively linked to associated cardiac dysfunction. We aim
to uncover age-dependent features of calcium spark morphology and the distribution of type-2
ryanodine receptor (RyR) clusters, responsible for intracellular calcium release. Isolated ventricular
cardiomyocytes were obtained from male Wistar rats at 6, 18 and 24 months of age. Subcellular
structure was assessed using expansion microscopy to localize RyR, and calcium sparks were
recorded in the absence and presence of 1 pM isoprenaline using spinning disk confocal micro-
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scopy. Super-resolution imaging revealed that both aged points were associated with a greater
degree of cluster fragmentation, sparseness and structural disorder than the 6-month group, leading
to an increased prevalence of remodelled phenotype cells in the aged groups. The 18-month
group exhibited the most substantial remodelling of many properties, including the prevalence of
remodelled cells, indicating either a genuine biphasic progression of remodelling with age or the
divergence of structurally healthy and structurally remodelled groups with age. Moreover, ageing
enhanced the impact of §-adrenergic stimulation on calcium spark morphology, increasing spark
amplitude, full-width half maximum and spark mass. Our study reveals that RyR cluster properties
are non-linearly remodelled with age, with RyR phosphorylation leading to remodelling of calcium
spark morphology with age, which may contribute to reduced contractile performance and increased
arrhythmia incidence.

(Received 1 December 2025; accepted after revision 22 June 2026; first published online 3 August 2026)
Corresponding author M. A. Colman: Department of Biomedical Sciences, Faculty of Biological Sciences, University
of Leeds, Leeds LS2 9JT, UK.  Email: m.a.colman@leeds.ac.uk

Key points

® Calcium spark morphology and ryanodine receptor cluster properties were assessed in a rat model
of sedentary ageing at three age points.

e Calcium spark morphology was much more strongly influenced by B-adrenergic stimulation in
the aged cohorts compared to the young group, corresponding to an increase in the spatial extent
and overall spark mass and indicating an increased responsiveness to sympathetic regulation in
ageing.

e Ageing was associated with a non-linear remodelling of the ryanodine receptor cluster pattern.
At the submicron scale ageing led to an increase in fragmented-like clusters; at the broader scale
ageing led to an increase in axial spacing and sparseness, as well as a reduction in the regularity
of cluster distribution.

® Across all metrics the younger of the two aged groups exhibited the most substantial and highest
probability of remodelling, indicating a potential biphasic progression of structure-function
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relationships with age, corresponding to remodelling and partial recovery.

Introduction

The healthcare challenges posed by ageing populations
worldwide are a major concern of the 21st century (Lim
et al,, 2017). Ageing is associated with increased pre-
valence of cancers, neurological disorders and cardio-
vascular dysfunction, imposing substantial social and
economic costs on individuals and societies (Fogg et al.,
2024; Kallestrup-Lamb et al., 2024; Watkins & Overton,
2025). Age-related dysfunction of the heart, specifically,
has been implicated as a key causative factor limiting
quality of life and increasing the risk of sudden death
(Costantino et al., 2016; Dai et al., 2012; Hatch et al., 2011;
Lu et al., 2017; Meschiari et al., 2017; Nakou et al., 2016).
Cardiovascular disease is two orders of magnitude more
prevalent in those aged over 75 than in those under 45
(Bhatnagar et al., 2015) and is the leading cause of death
in individuals aged over 65 (Dai et al., 2012). Physical
activity is protective against the development of cardiac

dysfunction (Tian & Meng, 2019); thus the burden of
age-related cardiovascular disease may be exacerbated
in societies characterized by sedentary lifestyles (Hajduk
& Chaudhry, 2016). A deeper understanding of how
the heart remodels during normal sedentary ageing may
therefore provide insights essential for the development of
improved diagnostic and therapeutic strategies to prevent
and manage age-related cardiac dysfunction.

Cardiac ageing (Hatch et al.,, 2011; Nakou et al., 2016)
is associated with mechanical and electrical impairment,
leading to reduced pumping efficiency and increased
arrhythmia susceptibility, respectively. For example, the
incidence of ventricular ectopic excitation, which can act
as a trigger for fatal arrhythmia events, is 17-fold higher
in men aged over 60 than in those aged 20-40 (Nakou
et al,, 2016). Structural and functional remodelling at the
cellular and tissue levels combines to produce mechanical
impairment and elevated arrhythmia incidence observed
with ageing.

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Excitation—contraction (EC) coupling in the heart relies
on calcium-induced-calcium-release (CICR), whereby
L-type calcium channels (LTCCs) open during the
action potential, mediating an inward current (the
L-type calcium current, Ic,) that activates ryanodine
receptor type-2 (RyRs) channels on the sarcoplasmic
reticulum (SR) membrane. This produces a much larger
calcium release (a calcium spark) from this intracellular
calcium store that drives cellular contraction. During
relaxation various calcium effluxes ensure maintained
homoeostasis, including the SR calcium pump (SERCA)
that restores the SR calcium load and the electrogenic
sodium-calcium exchanger (NCX) that balances the
calcium influx associated with the LTCCs. The trans-
verse and axial tubule system (t-system) ensures the
delivery of the action potential into the cell interior, and
LTCCs and RyRs are co-located in junctional complexes
throughout the cell volume to ensure tight coupling
and robust CICR in healthy myocytes. The whole-cell
average intracellular calcium transient comprises the sum
of thousands of spatially distributed calcium sparks that
occur in discretely separated clusters of RyRs. Spatial
properties of intracellular calcium handling are therefore
central to both the efficiency of cellular contraction
and the emergence of electrical dysfunction and provide
a promising system in which to study the multiscale
mechanisms of cardiovascular dysfunction.

Despite being spatially localized events, isolated
calcium sparks may induce further sparks in neighbouring
RyR clusters. Intracellular calcium diffusion is highly
buffered, and therefore the local cytosolic calcium
elevation at a neighbouring cluster that is responsible
for inducing a spark depends steeply on intercluster
distance. Spatial propagation of calcium sparks through
this ‘fire-diffuse-fire’ mechanism can be adaptive, for
example in enabling centripetal calcium propagation
in detubulated cells (Brette et al., 2004; Greiser
et al., 2014; Louch et al, 2004), or maladaptive,
promoting spontaneous whole-cell calcium release and
arrhythmogenic intracellular calcium waves (Aistrup
et al., 2017; Cheng et al., 1996; Colman, 2019; Kazakova
et al,, 2025; Shah et al., 2019). Thus RyR cluster structure,
spatial distribution and nearest-neighbour relationships
critically determine CICR dynamics, and remodelling of
t-system structure and RyR cluster properties has been
causatively and mechanistically linked to dysfunction
in multiple cardiac conditions, including forms of heart
failure (Louch et al., 2004, 2013; Sheard et al., 2019).

We therefore aimed to determine whether calcium
sparks in response to pB-adrenergic stimulation and
RyR cluster properties are remodelled in a sedentary
ageing model. We focused our analyses on calcium spark
regulation by f-adrenergic stimulation, RyR cluster size
and extent and nearest-neighbour relationships at the
cellular, animal and age-group levels across three age
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points. We report remodelling of multiple features of
calcium sparks upon pB-adrenergic stimulation, cluster
structure and cluster distribution that often follow a
biphasic progression with age, with remodelling of some
features being most severe at the middle age point,
whereas others remained substantially remodelled at the
oldest age point. Primarily the effect of S-adrenergic
stimulation on calcium spark morphology was enhanced
with age, concomitant with an increase in RyR cluster
fragmentation at the submicron scale and lower degree of
regularity at larger scales.

Methods
Model of ageing and tissue preparation

Male adult (454-920 g) Wistar rats were obtained from
Central Biomedical Services, University of Leeds, and
housed according to the Guide for the Care and Use
of Laboratory Animals. Animals were bred and aged in
house at 20°C-22°C with 50% relative humidity on a
12 h light/dark cycle. Animals had no additional inter-
vention, with ab libitum access to regular chow and water.
At the required age (6, 18 or 24 months) animals were
killed by rising carbon dioxide, with death confirmed by
cervical dislocation, in accordance with local and national
ethical regulations and approvals according to the UK
Animals (Scientific Procedures) Act of 1986. Animals
were randomly assigned to each of these groups at the start
of the ageing process. In some cases husbandry concerns
unrelated to ageing, such as long nails, limited the ability to
further age individual animals assigned to the 24-month
group, leading to the necessity of assigning them to the
18-month group at the time of culling.

The whole heart was quickly excised and perfused with
ice-cold cardioplegic solution (mM); glucose 277.5, KCl
30, NaHCO; 25, mannitol 34.3 and 5 U/mL heparin
(pH 7.4; Sigma-Aldrich, Gillingham, UK). The body,
liver, lungs and heart were weighed, with the organs
comparatively assessed in accordance to body weight to
observe sedentary body composition in relation to age.

Ventricular cardiomyocytes were enzymatically iso-
lated. The heart was cannulated to a Langendorff
apparatus at the aorta and retrogradely perfused at
7 mL/min with oxygenated isolation solution (mM); NaCl
130, MgCl, 1.4, KCl 5.4, NaH,PO, 0.4, HEPES 5, glucose
10, taurine 20, creatine 10 (pH 7.4; 37°C; Sigma-Aldrich,
Gillingham, UK) with added 0.75 mM CaCl,. Once the
circulation had cleared, isolation solution with added
0.1 mM EGTA was perfused for 4 min, followed by
perfusion of isolation solution with 1 mg/mL collagenase
type IT (Worthington Biochemicals, USA) and 1.8 mg/mL
protease (Sigma-Aldrich, Gillingham, UK) for 7 min.
The ventricles were blunt dissected from the remaining
tissue, triturated in enzyme solution and filtered. Iso-
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lated ventricular cardiomyocytes were re-suspended in
preoxygenated Tyrode’s solution (mM); NaCl 140, MgCl,
4, KCI 1, HEPES 10, glucose 10, CaCl, 1.8 (pH 7.4;
20°C-22°C; Sigma-Aldrich, Gillingham, UK). Cell yield
decreased linearly with age. Before experiments, cell
suspensions were washed multiple times in Tyrode’s
solution to remove overly digested cardiomyocytes and
any debris. Across all experiments ventricular cardio-
myocytes that had a robust rod-like shape with clear
striations visible were selected.

Assessment of calcium sparks

Confocal imaging. Isolated ventricular cardiomyocytes
were loaded with 5 pM Fluo-4AM (ThermoFisher
Scientific, Loughborough, UK) for 15 min at 20°C-22°C.
Cells were then resuspended in Tyrode’s solution for
30 min at 4°C to enable de-esterification and plated
on a #1.5 glass coverslip chamber. Spontaneous calcium
spark activity was recorded using a Nikon Diaphot
Eclipse TE2000 inverted microscope with Nikon 60x
water-immersed 1.4 NA objective attached to an Andor
Revolution unit (Belfast, UK) confocal system with
a Yokogawa CSU X1 spinning disk (10,000 rpm), as
described by Steele & Steele (2014). Fluo-4 was excited
with a 488 nm laser, and >500 nm emitted fluorescence
was detected with an iXon3 897 electron-multiplying
CCD camera at a range of 9.90-32.95 frames per second
and at 512x512 pixel resolution. The same cardio-
myocytes were then exposed to 1 pM isoprenaline
(ISO), and measurements of spontaneous calcium spark
acquisition were repeated.

Processing and analysis. Calcium acquisition series were
loaded into FIJI Image], and calcium sparks were detected
using the xyspark plug-in (Steele & Steele, 2014). Calcium
spark localization and morphology, including full width
at half maximum (FWHM in um), amplitude (F/F)
and spark mass (AU), were estimated based on the fit
of fluorescence signal to a Gaussian curve in relation
to baseline fluorescence over time. Spark mass was
defined as FWHM?® x amplitude. Application of a 15
pixel sliding paraboloid was used to subtract background
fluorescence. Calcium sparks were filtered using the
following parameters: 1.0 um < FWHM < 6.0 um, 0 <
R? < 0.5and 0 AU < spark mass < 50 AU to ensure that
only in-plane calcium sparks were analysed (Hurley et al.,
2021).

Assessment of RyR cluster structure and arrangement

Super-resolution expansion microscopy. Isolated
ventricular cardiomyocytes were incubated for 2 h
at 37°C upon a precoated 11.9 pg/mL laminin
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#1.5 coverslip. Cells underwent fixation by 2%
paraformaldehyde (Sigma-Aldrich, Gillingham, UK;
w/v in phosphate-buffered saline; PBS) for 10 min
at 20°C-22°C, followed by multiple PBS washes over
60 min. To immunolabel for RyR at 20°C-22°C cells
were permeabilized for 10 min with 0.1% Triton
X-100 in PBS, followed by 60 min blocking with 10%
normal goat serum in PBS. Cells were incubated over-
night at 4°C with RyR antibody (MA3-916; Thermo-
Fisher Scientific, Loughborough, UK) 1:200 dilution in
PBS-based incubation solution (w/v or v/v): NaN3 0.05%,
bovine serum albumin 2%, Triton X-100 0.05%. After
being washed with PBS thrice, cells were incubated at
20°C-22°C for 2 h with a 1:200 dilution of Alexa 488
anti-mouse secondary antibody (A11001; ThermoFisher
Scientific, Loughborough, UK) in incubation solution,
before being washed with PBS thrice.

Samples underwent 4x enhanced expansion micro-
scopy (EExM). As previously denoted by Sheard et al.
(2019) ‘enhanced’ refers to the application of an Air-
yscan detector during the image acquisition process. This
deconvolution step enables an in-plane resolution of 170
nm compared to standard 250 nm of confocal microscopy
(Huff, 2015).

Following a previously published protocol (Sheard
& Jayasinghe, 2021; Sheard et al.,, 2019; Tillberg et al.,
2016) cells were incubated overnight at 4°C with
acryloyl-X (ThermoFisher Scientific, Loughborough,
UK) in PBS as an anchoring component. After being
washed with PBS thrice, cells were embedded within
a PBS-based monomer solution containing (w/v,
Sigma-Aldrich, Gillingham, UK) sodium acrylate
8.6%, acrylamide 2.5%, N,N-methylenebisacrylamide
0.15%, NaCl 11.7%, ammonium persulfate 0.1% and
N,N,N,N-tetramethylethylenediamine 0.1% for 2 h at
37°C to form a gel. These polymerized cell-containing
gels were then incubated overnight at 20°C-22°C with
0.2 mg mL~! proteinase K (New England Biolabs, Hitchin,
UK) containing dH,O-based digestion buffer; Tris 50 mM
at pH 8.0 (ThermoFisher Scientific, Loughborough, UK),
ethylenediaminetetraacetic acid 1 mm (Sigma-Aldrich,
Gillingham, UK), Triton X-100 0.5% and guanidine
HCI 0.8 M (Sigma-Aldrich, Gillingham, UK). The next
day digestion buffer was removed, and dH,O washes
repeated every hour to expand the gel until a size plateau
was reached. Before imaging, the macroscale expansion
factor was obtained by measuring the postexpansion
gel size. Expansion factor was calculated by comparing
postexpansion gel size to preexpansion size after gel poly-
merization. Resultingly within our 4 x EExM experiments
we had the ability to achieve an in-plane resolution < 40
nm and an axial resolution < 90 nm (Sheard et al., 2022).

Postexpanded gels were imaged at 20°C-22°C on #1.5
coverslips in custom-made acrylic chambers. Imaging was
undertaken upon an LSM880 inverted microscope (Carl

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Zeiss, Jena, Germany) using a 40x oil immersion 1.4 NA
objective and Airyscan detector. A 488 nm DPSS laser
excitation was selected, with emission bands selected by
the in-built detector. Images were acquired using ZEN
software, with Airyscan deconvolution applied.

Image processing: RyR cluster properties. Acquired
images underwent a background subtraction within FIJI
Image] using a 50-pixel radius sliding paraboloid function.
Analysis of RyR cluster properties was performed using
custom-built Python code, which we provide in the
associated Zenodo repository. The monochromatic image
file was thresholded to remove low-intensity noise
(0.125-0.3 x maximum intensity) and a binary mask
created (Fig. 1Aa,b). Individual clusters in the binary
mask were identified, and the pixel area for each cluster
was calculated. This pixel area was converted to estimate
the number of RyRs (Ngyr) given the image resolution
(40-170 nm) and expansion ratio (3.8) and assuming
for the purpose of this analysis that a single channel
occupies 29 x 29 nm? (Baddeley et al., 2009). Clusters
containing fewer than three RyRs (corresponding to 2-20
pixels across the whole dataset) were excluded, and all sub-
sequent analyses were performed on clusters of three or
more RyRs.

A co-ordinate frame that was orientated to the myocyte
was defined, with the x-axis aligned to the axial direction
and the y-axis to the transverse direction (Fig. 1Ac). This
rotated co-ordinate frame forms the basis for calculating
cluster extents and the derived inter-neighbour distances.
Note that the image itself was not rotated. Alignment
of the rotated co-ordinate frame can be verified by the
emergence of the multimodal x-positions histogram if the
underlying data contain a sufficiently regular, repeating
pattern of transverse cluster lines. Cluster height (extent
in the transverse, y, direction) and width (extent in the
axial, x, direction) were calculated directly (Fig. 1Ad).
The co-ordinate frame rotation was performed on an
image-by-image basis, and the transverse orientation of
cluster patterns did not necessarily remain exactly parallel
across the field of view; the best-fit rotation was selected
based on visual judgement.

Image processing: cluster arrangement and neighbour
relationships. First the 12 nearest neighbours for each
cluster were found based on the centre-to-centre distances
(Fig. 1Ba). Based on the angles between the line defining
the neighbour connection and the axial direction of
the cell, the connection was categorized as being either
primarily transverse or axial, enabling each neighbour
type to be considered independently. This defines the
‘full’ neighbour map. A second neighbour map was
created that identified only the closest neighbour to
each cluster in the four principal directions (£x and
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+y). This ‘directional’ neighbour map (Fig. 1Bb) forms
the basis for most analyses concerning inter-neighbour
relationships performed in this study. Note that despite
this map imposing that only the closest neighbour in each
of the four directions is retained, a single cluster can still
have more than four neighbours if it itself is the first
closest neighbour in any given direction to multiple other
clusters, for example where one cluster is axially adjacent
to a cluster of clusters at the next transverse line.

Edge-to-edge distances were then calculated (Fig. 1Bc).
Where there was orthogonal overlap between clusters,
the edge-to-edge distance corresponded to the transverse
distance between the upper extent of a given cluster
and the lower extent of its neighbour in the positive y
direction, or the axial distance between the rightmost
extent of the first cluster and the leftmost extent of its
neighbour in the positive x direction. Where there was
no overlap the edge-to-edge distance was calculated as
the distance between the closest corners of the bounding
boxes of the two clusters, i.e., the minimum distance
between them. Edge-to-edge distances were calculated
only for the corresponding neighbour type (i.e. trans-
verse edge-to-edge distance was not computed for axial
neighbours and vice versa).

Analysis of the statistics and distributions was
performed on the directional neighbour map on a
cluster-by-cluster basis (i.e. considering the population of
clusters that contained centre-to-centre or edge-to-edge
distances at each given bin). This means that many
neighbour connections are double counted (appearing for
both clusters to which it connects), which is suitable for
cluster-wise analysis but not for assessing the proportion
of neighbour connections that fulfil a given criterion. For
this neighbour-wise analysis a unique neighbour map was
created from the full or directional neighbour maps that
accounts for each connection only once.

Image processing: categorizing structural phenotypes.
To evaluate the above measures of RyR heterogeneity in
aggregate and identify different structural features we
developed a suite of structural metrics to categorize
individual cells. First we explored RyR cluster
fragmentation. However we are careful not to imply
a fragmentation process that we have not directly
observed and therefore introduce the terminology ‘cluster
ensembles’ to refer to regions where multiple small
clusters are found in close proximity, which may typically
be referred to as ‘fragmented..

Analysis of cluster ensembles was first performed by
counting, for each image, the number of neighbouring
clusters that were within a threshold (0.1-1.1 um) for the
edge-to-edge distances, and calculating the proportion
of clusters that contained two or more, three or more, or
four or more neighbouring clusters within this threshold.

© 2026 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

85UBO17 SUOIWOD BAIER1D) 3 (gedt|dde ay) Ag peusenob ae sapoie YO ‘8sn JO SajnJ 1o} Aeiq 17 8UljuO 8|1 UO (SUOTIPUOD-PUe-SULB) 0D 4B |IM"ARe.q1puJUo//:SdL) SUOIPUOD puUe SWid | 84} 89S *[9202/80/.T] UO Aeiqi auljuQ A8]I/ ‘99Us|[IX3 912D pUe Ul[esH o) a1ninsu| euoleN ‘IDIN AQ 6/9062d/STTT OT/I0p/L00 Ao im Aleiq i jputjuo-aesAyd)/sdny wo.j pepeoumod ‘0 ‘€6.269T



Animal 6 |8
Cell 2
Image 1

Animal 2 gEB

Cell 3 [

Image 1

Frequency

Animal 6 |
Cell 2
Image 1

M. E. Hurley and others J Physiol 0.0

> >
o o
c - L e L
- (o
3 3
o o
3 2 |-|-|ﬂ-[ H-H-I-ﬂ{ ]ﬂﬂ £ H -I-I'h__
8 w 1 LT - Iy 1 w T " | g
] x-position, original frame width (axial)
o
r 3 5
w c i c Is
[} [Tk
=] 3
m & o o
Pixel Intensity Ngyr (/cluster) L‘ll_’ ”M_ -L” 1 &’ |||
' x-position, ro{ated frame he-'ight (trelmsversle)

|::> analysis

Frequenlcy o

35UBD| T SUOWIWOD aAIIR1D 3|geat|dde ay) Aq pauenob ake sapie YO ‘3N JO S3nJ 10y AzeiqiauluQ 8|1\ UO (SUOIIIPUOI-PUR-SLIBIWOD A3 |IM Aeiq 1 pU1UO//:SANIY) SUORIPUOD puUe SWd | U} 39S *[9202/80/LT] Uo ARiqiauljuQ A1 ‘8ous|paxX3 3D pue UieaH Jojaininsu| feuoleN ‘IOIN AQ 6.9062d0/STTT OT/I0p/wod A8 1M Aziqipuljuo-aosAyd//sdny woiy papeojumod ‘0 ‘€6..691T

T
cente-centre

el

edge-edgé (axial)

\ D

A
i
\/

Frequency

AP

)
=. / 7 ~ . /II" l/ ¥ 'V"’
‘l\v/ 14\“‘ / LS ~.4(/y A A / 4
NG AT 4 //IA:/'I/I:/;I,‘ﬂ

/ /

g
VA PN
1/ .5" i

4'/ l“{
NEA
Ay ST o
XA
7y
"\?’4’4 }I"k\/’ K
"J“;‘(fa's g
N /)

. Frequerlacy

edge-edge (transverse)

Figure 1. Ryanodine receptor (RyR) cluster image processing pipeline

A, processing of images to determine RyR cluster properties. Two examples where the field of view and orientation
of the images are very different are shown for illustration of the general applicability of the approach. The pipeline
illustrating image thresholding (a), the application and cleaning of a binary mask (b), the overlay of a rotated
co-ordinate frame (¢) and the identification of cluster extents in the rotated frame (d). Histograms are provided for
illustrative purposes only. B, processing of neighbour relationships. On the same two original images illustrated are
the nearest neighbour maps (a), directional neighbour maps highlighting the transverse (blue) and axial (green)
connections (b), edge-to-edge connections (and bounding boxes) (c) and the neighbour distance data that can be
obtained from the method (d).
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This metric, however, failed to identify regions of cluster
ensembles in cells that were generally robust elsewhere.
We therefore further explored relationships on a granular
neighbour-by-neighbour basis. For each neighbour
connection (from the unique directional neighbour
map) the edge-to-edge distances were correlated with
the average Ngyr of the two clusters associated with the
connection. It was empirically decided that a suitable
metric for the prevalence of cluster ensembles was to
count the proportion of neighbour connections that fit
below a contour in the phase space of average Ngyr vs.
edge distance (Fig. 2B):

1
Cluster ensemble score = ——— Z

Nconnections i—1

2

< (Nyr.1 + Nryr.2) / 2) <edge distance)2

4 ) o
35 0.8

where the factor 35 is the maximum average Npyr of
adjacent clusters for them to be considered part of an
ensemble, and 0.8 um is the maximum edge-to-edge
separation. The contour imposes that larger clusters must
be closer together to be considered part of an ensemble,
whereas small clusters may approach that upper distance
limit and still be counted. It was determined that a
cluster ensemble score of above 0.2 (i.e. where 20% of
the neighbour connections are associated with cluster
ensembles) would lead to a cell being considered to have a
high prevalence of cluster ensembles.

Measures of structure on a larger scale were assessed
on a coarse-grained cluster and neighbour map (Fig. 2C).
Coarse graining was achieved by merging adjacent clusters
that fit within a given distance (0.3 pm) and size
(Ngyr < 50). The same tools to process the neighbour
maps were then applied to the coarse-grained data. This
removes small-scale features, enabling characterization of
the sparseness and regularity of structure on this larger
scale.

Multiple metrics were considered to characterize
sparseness and structural regularity. Relatively crude
approaches were finally selected as these offered the
cleanest, simplest and most accurate characterizations that
could be found for our data. We note, however, that we
are not intending to present these as a generally robust set
of tests for all future data, but, rather, found them useful
for quantification of subjective considerations in our
data.

Regularity (Fig. 2C) was quantified by determining the
proportion of edge-to-edge connections in each direction
that had zero angle relative to that direction (i.e. the
connection is aligned along the axes), which is a measure
of the proportion of adjacent clusters whose extents
overlap in the relevant orthogonal direction. A cell was

Ageing remodels calcium signalling structure—function relationships 7

determined to have irregular transverse structure if this
metric was below 0.6 and irregular axial structure if this
metric was below 0.4.

Sparseness (Fig. 2D) in the transverse direction was
measured by calculating the proportion of transverse
edge-to-edge distances of the directional, coarse-grained
neighbour map that were greater than 0.75 um; a cell was
determined to be sparse in the transverse direction if this
metric was above 0.3 (i.e. 30% or more of the transverse
closest-neighbour distances in the coarse-grained model
were greater than 0.75 um). Axial spacing was defined by
the mode of the x-component of the centre-to-centre axial
distances. Overall sparseness was defined by the product
of the transverse sparseness and the axial spacing, and a
cell was considered sparse if this metric was greater than
0.75.

Despite the crudeness of these metrics they were able
to accurately identify and score images that correlated
with visual agreement about the structure (Fig. 2). The
thresholds also enable the calculation of the proportion
of animals that contained a high degree of each measure,
which we refer to as the probability of each metric for
each age group. Probability was determined by calculating
the proportion of RyR datasets per animal that reached
the denoted thresholds and dividing the sum by the
number of animals per age group. This provides a clear
indication of the average tendency of each age group on
an animal-by-animal basis.

Statistical analyses

Data were tested for normality of distribution using the
Shapiro-Wilk test. Body composition data (parametric)
were analysed using a one-way independent ANOVA.
Calcium spark data were assessed for each age group
with a paired Student’s t test. RyR data were assessed
using a linear mixed model with a hierarchical structure
where individual cell measurements were clustered within
animals and the factor was age. Pairwise comparisons
were made using Bonferroni post hoc tests. Where
observed distributions were bimodal, Hartigan’s dip test
of unimodality (Hartigan & Hartigan, 1985) was used
to test this. Significance (o) level was set at 0.05. RyR
cluster properties and calcium spark data were collated
by averaging the population density distributions for
visualization, over which the hierarchical stats were over-
lain.

Results
Evaluation of sedentary ageing model

Body composition changed with age (Table 1). Notably
body weight increased steadily over time, with a 26.6%
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Figure 2. lllustration of structural phenotype metrics

A, zoomed view of the binary mask illustrating local ryanodine receptor (RyR) cluster structure and arrangement.
Scale bar is 1 pym. B, the cluster ensemble score is based on the correlation between the average Npyr of a
neighbouring cluster pair and its edge-to-edge distance. The proportion of neighbour pairs lying within the contour
illustrated by the red arc determines the score. C, illustration of the coarse-grained model and edge-to-edge
neighbour connections. The transverse and axial regularity scores are determined by the proportion of each
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neighbour connection type that is aligned along the relevant axis. D, the sparseness scores are based on the
distribution of the transverse edge distances (blue) and the axial spacing, determined from the distribution of the
x-component of the axial centre distances (green) in the coarse-grained model. Annotated number on the top left
of each panel is the transverse sparseness score, calculated as the proportion that lies above 0.75 um (dotted line),
and the other annotated number is the axial spacing, corresponding to the mode of the axial centre x-component

distribution.

Table 1. Sedentary rodent model of age

Age Number Body weight (g) Heart weight (g) Body:liver ratio Body:lungs ratio Body:heart ratio
6 months 8 533 £39.9 3.37 £ 1.21 0.029 + 0.003 0.004 + 0.000 0.006 + 0.002
18 months 6 726 + 92.0* 3.48 + 0.95 0.028 + 0.002 0.003 + 0.001* 0.005 + 0.001
24 months 7 803 + 98.7* 3.73 +£0.26 0.027 £ 0.005 0.003 £ 0.001* 0.005 £ 0.001

Note: Body composition of adult male Wistar rats across three age points; 6 months (N = 8), 18 months (N = 6) and 24 months (N = 7).
Body weight was measured in isolation, significantly increasing upon age compared to the 6-month baseline. Body weight in relation
to the liver, lungs and heart, however, did not alter with age. Data are presented as mean =+ SD using one-way ANOVA.

“P < 0.05.

increase between 6 and 18 months (P < 107°) and
33.6% increase between 6 and 24 months (P < 107°).
This weight gain was attributed to fat deposits, with
a decreased trend in body:liver ratio, highlighting an
increased fat distribution with age. Compared to the
6-month baseline, body:lungs ratio was decreased at
18 months (P = 0.004) and 24 months (P = 0.002)
of age, suggesting respiratory insufficiency to match the
increased weight gain. Minimal change in the body:heart
ratio indicates no change in gross heart morphology.
Heart weight increased with age (Fig. Al), with a 3.2%
increase between 6 and 18 months (P > 0.99) and a 9.7%
increase between 6 and 24 months (P > 0.99), suggesting
that neither hypertrophy nor dilatation was present to a
notable degree. We therefore have confidence that we are
utilizing a sedentary model of ageing within our study.
In addition, for all RyR cluster pattern measurements,
correlation with body weight (Fig. A2) and body-to-heart
weight ratio for each animal was assessed (Fig. A3). Our
results suggest that age, and not body composition, is the
determining factor for the observed changes within our
model.

Calcium sparks

Due to differences in calcium spark acquisition rate,
comparisons across age cannot be undertaken. Instead
the age dependency of regulation by p-adrenergic
stimulation was evaluated by characterizing calcium
spark morphology in the absence and presence of ISO
within young (6 months) and aged (18 and 24 months)
rats, given that these experiments were performed under
the same conditions for each cell.

ISO did not lead to statistically significant changes in
any of the measures of calcium spark morphology in the
6-month group (P = 0.605 for FWHM, P = 0.955 for

amplitude and P = 0.761 for spark mass). In both aged
groups ISO led to statistically significant alterations in all
measurable features of calcium spark morphology (Fig. 3).
In both aged groups FWHM (Fig. 3a) was increased under
the application of ISO. This increase was most substantial
in the 24-month group (+18.2%, P < 107%) compared
to the 18-month group (+7.0%, P = 0.031). Amplitude
(Fig. 3b) was decreased in the 18-month group (—2.7%;
P < 107%) and increased in the 24-month group (422.4%;
P < 107%). Spark mass, a weighted integrated measure
of FWHM and amplitude to which FWHM contributes
the most, was increased in both age groups (4+13.2%,
P =0.001 in the 18-month group and +47.0%, P < 10~°
in the 24-month group).

Substantial interanimal variability was observed in
all three age groups (Fig. 3 and Fig. A4). ISO further
increased the variability of the amplitude in the 18-month
group and the FWHM and spark mass of the 24-month
group. As such we noted that within the 18-month
group, sparks with a greater amplitude were highly
correlated with those that had a smaller FWHM (Fig. A5),
corresponding to the same spark mass contours as other
lower amplitude calcium sparks. ISO also increased the
spontaneous spark frequency by approximately 50% in
the 24-month group but had no discernible impact on
frequency in the 6- and 18-month groups. Limitations
of the analysis software meant that calcium spark
duration was not acquired, and therefore these data were
deemed inappropriate for a more detailed quantification
of spontaneous spark frequency.

Age-stratified analysis therefore revealed that in young
rats (6 months) ISO did not significantly alter calcium
spark morphology, but as age increased ISO had a
significant impact upon calcium spark FWHM, amplitude
and spark mass, with the greatest change seen at 24
months.
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Figure 3. Spontaneous calcium spark morphology in presence of isoprenaline (ISO)

A, illustration of a spontaneous calcium spark visualized across four frames (Ai-iv), each 32.95 ms in duration. The
scale bar denotes 2 pm. B, calcium spark properties across age at 6 months (blue; N = 6), 18 months (green; N = 5)
and 24 months (orange; N = 7), recorded in presence of 1.8 mM calcium (solid bars) and in presence of 1 uM
ISO (outline) for the full width at half maximum (FWHM) (a), amplitude (F/FO) (b) and spark mass (c). C, boxplots
denoting median + 5th and 95th percentiles (lower) for the FWHM (a), amplitude (F/FO) (b) and spark mass (c).
Statistical overlays are based on the analysis from a paired Student’s t test.
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RyR cluster size

Across all age groups variability in RyR cluster
organization was observed on an animal-to-animal basis
(Figs A6 and A7). Structural heterogeneity is illustrated in
the comparison of cellular regions containing the smallest
RyR clusters (Fig. 4Aa-c) to regions containing the
largest clusters (Fig. 4Ad-f) at all age points. The extent

6 month 18 month

Ageing remodels calcium signalling structure—function relationships 11

of animal-to-animal variability was probed through
analysing the absolute deviation from the median, per
animal median vs. interquartile range and per animal
mode vs. 95th percentile.

Median Ngyr per cluster (Fig. 4B) showed no
statistically significant differences between age groups
(P > 0.99 for 6 months vs. 18 months; P = 0.3 for 18
months vs. 24 months; and P = 0.1 for 6 months vs. 24
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Figure 4. Ryanodine receptor type 2 (RyR) cluster pattern within ventricular cardiomyocytes across age
A, illustration of exemplary RyR cluster patterns taken from images with the smallest number of puncta per cluster
(a—c) and largest number of puncta per cluster (d—f) from the 6-month (a, d), 18-month (b, e) and 24-month (c, )
groups. Scale bar: 1 pm. B, summary histograms (upper) across age at 6 months (blue; N = 6), 18 months (green;
N = 5) and 24 months (orange; N = 6) and boxplots (lower) denoting median + 5th and 95th percentiles (b),
collating all data from each group. Statistical overlays are based on the analysis from the linear mixed model. C,
interanimal variability showing the absolute deviation from the median (a), absolute magnitude of animal-to-animal
comparisons for the median (b, upper right half; white-to-red), IQR (b, lower left half; white-to-green), mode (c,
upper right half; white-to-red) and 95th percentile (c, lower left half; white-to-green).
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months). Heterogeneity in RyR clustering was apparent
within each age group and across young vs. aged. Inter-
animal variability was largest in the 18-month group
(Fig. 4C), with intercellular variability (Fig. A7) within
each animal most evident within the aged rats (18- and
24-month groups).

RyR cluster neighbour relationships

Transverse neighbour relationships and correlation with
cluster height. The relationships between neighbouring
RyR clusters in the transverse direction -exhibited
significant remodelling between the young (6 months)
and aged groups (18 and 24 months). Compared to
the young 6-month group both aged groups observed
an increase in the median centre-to-centre distances
(Fig. 5Aa). This increase was most substantial in the
18-month group (from 0.62 to 0.68 um; P < 10~°) and
intermediary in the 24-month group (from 0.62 to 0.67
um; P < 1073). This decrease in median centre-to-centre
distance from 18 to 24 months (P < 10~%) corresponds
to a biphasic age dependency, which was also observed
in the variability, wherein the 18-month group exhibited
the largest degree of variability, and the 24-month group
exhibited intermediary variability (Fig. 5Ba; Figs AGE,
A8).

Edge-to-edge distances followed a similar biphasic
pattern, with the median significantly increased in both
aged groups compared to the 6-month group (Fig. 5Ab),
most substantially for the 18-month group (+26.7%
compared to 6-month group; P < 10~°) and intermediary
at 24 months (+16.5% relative to 6 months, P < 107%),
with the 24-month group having a decreased median
distance relative to 18-month group (—12.2%, P < 1073).
Variability was comparable between the 6- and 24-month
groups but substantially increased in the 18-month group
(Fig. A6G).

Cluster height (Fig. 5Ac) was significantly reduced in
both aged groups compared to the 6-month controls
(P < 107°), most substantially at 18-month group
(—48.3% change to the median), with no statistically
significant differences between the two aged groups
(P = 0.5). Interanimal variability was considerable across
all measures and age groups, but most notable within
the two aged groups, with individuals observed to have
substantially different properties to others within and
between groups (Fig. 5B).

Thus we observed an increase in the edge-to-edge
transverse distances in age. This was a consequence of
both an increase in intercluster spacing (centre-to-centre
distances) and a reduction in cluster height and was most
prominent in the 18-month age group.

Axial neighbour relationships and correlation with
cluster width. The relationships between neighbouring

J Physiol 0.0

RyR clusters in the axial direction also exhibited
significant remodelling between the young and aged
groups (Fig. 6). Centre-to-centre distances (Fig. 6Aa)
decreased progressively with age, corresponding to a
total 9% reduction at 18 months and 12% reduction at
24 months compared to the 6-month median of 1.51 pm
(P < 107" for all comparisons). Edge-to-edge distances
(Fig. 6Ab) were not statistically remodelled at 18 months
(P = 0.2 vs. 6 months) but were significantly reduced
at 24 months (1.03 um) compared to both 6- (1.24 pm)
and 18-month (1.15 pm) groups (P < 107> for both
comparisons); variability was most substantial in the
18-month group (Fig. 6B). Cluster width (Fig. 6Ac) was
not significantly remodelled in either age group compared
to the 6-month group (P = 0.4 for both comparisons)
but was significantly increased in the 24-month group
compared to the 18-month group (P = 0.02).

These results indicate a consistent reduction in the axial
distance between clusters that corresponds either to a
decreased global axial spacing (inter-t-tubule distance) or
less regular ‘transverse lines’; this was further assessed
during structural phenotyping at the coarse-grained level
(see ‘Results: categorizing structural phenotypes’).

Categorizing structural phenotypes. An increase in the
prevalence of ‘cluster ensembles’, corresponding to clusters
containing multiple local neighbours, was observed for
the 18-month group for distance thresholds of 0.4 pm
and below, with an increase in the variability at larger
distances (Fig. 7); the 24-month group was similar to the
6-month group but with a general increase in variability.
This implies a larger degree of cluster ensembles in the
18-month group compared to both the 6-month controls
and older, 24-month group.

This was further quantified through application of the
cluster ensemble metric. A high degree of intercellular
and interanimal variability was observed in the cluster
ensemble score (Fig. 8Aa). The prevalence of cluster
ensembles increased between the 6- and 18-month groups
(P = 0.065) and was restored in the 24-month group to
values similar to those of the 6-month control (P > 0.99).
The 18-month group had the highest probability of cluster
ensemble prevalent cells (46%) compared to the 6-month
(35%) and 24-month (25%) groups (Fig. 8Aa).

Transverse sparseness (Fig. 8Ab) was observed to be
significantly different between all three groups (P < 103
for 6- vs. 18-month groups and 18- vs. 24-month groups;
P = 0.015 for 6- vs. 24-month groups). The mean
£ SD transverse sparseness score was largest within
the 18-month group (0.53 =+ 0.19), smallest within
the 6-month group (0.24 £ 0.15) and intermediary
within the 24-month group (mean of 0.36 £ 0.17). The
6-month group had the lowest probability of transverse
sparseness (20%) compared to the 18-month (85%) and
24-month (57%) groups. Therefore transverse sparseness
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Transverse Orientation of RyR Clusters
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Figure 5. Ryanodine receptor transverse neighbour relationship and cluster height within ventricular
cardiomyocytes across age

A, cluster properties across age at 6 months (blue; N = 6), 18 months (green; N = 5) and 24 months (orange;
N = 6), illustrating histograms (upper) and boxplots denoting the median + 5th and 95th percentiles (lower) for
centre-to-centre transverse distance between clusters (a), edge-to-edge transverse distance between clusters (b)
and cluster height (c). Statistical overlays are based on the linear mixed model analysis. B, interanimal variability
showing the absolute deviation from the median (a, d, f), and the absolute magnitude of animal-to-animal
comparisons for the median (b, e, h; upper right half; white-to-red), interquartile range (IQR) (b, e, h; lower left
half; white-to-green), mode (c, £, i; upper right half; white-to-red) and 95th percentile (c, £, i; lower left half;
white-to-green).
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Axial Orientation of RyR Clusters
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Figure 6. Ryanodine receptor axial neighbour relationship and cluster height within ventricular cardio-

myocytes acro

ss age

A, cluster properties across age at 6 months (blue; N = 6), 18 months (green; N = 5) and 24 months (orange;
N = 6), illustrating histograms (upper) and boxplots denoting the median + 5th and 95th percentiles (lower) for
centre-to-centre axial distance between clusters (a), edge-to-edge axial distance between clusters (b) and cluster
width (c). Statistical overlays are based on the linear mixed model analysis. B, interanimal variability showing the
absolute deviation from the median (g, d, f), and the absolute magnitude of animal-to-animal comparisons for the
median (b, e, h; upper right half; white-to-red), interquartile range (IQR) (b, e, h; lower left half; white-to-green),
mode (¢, 7, i; upper right half; white-to-red) and 95th percentile (c, , i; lower left half; white-to-green).
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was increased in the 18-month group and only partially
recovered in the 24-month group.

Axial spacing (Fig. 8Ac) was observed to be significantly
different between the 6- and 18-month groups (P = 0.004)
and the 18- and 24-month groups (P = 0.009) but
was statistically indistinguishable between the 6- and
24-month groups (P > 0.99). The 18-month group had the
largest mean (2.12 pm vs. 1.7 pm in the 6- and 24-month
groups), which accentuated the increased transverse
sparseness and resulted in the 18-month group having the
largest overall sparsity (Fig. 8Ad; P < 102 vs. both other
groups); only a moderate difference was observed between
the 6- and 24-month groups (P = 0.098). Thus sparseness
increased substantially from the 6- to 18-month groups
and was only partially restored in the 24-month group.
The overall probability of sparseness was only 8% in the
6-month group, increasing to 55% in the 18-month group
and 31% in the 24-month group.

Ageing remodels calcium signalling structure—function relationships 15

Transverse regularity (Fig. 8Ae) was significantly
reduced in the 18-month group compared to the 6-month
group (P < 107?) and remained reduced in the 24-month
group (P = 0.002 vs. 6-month group) but was only
moderately different between the 18- and 24-month
groups (P = 0.088). The probability of finding trans-
verse irregularity increased from 3% in the 6-month
group to 29% at the 18-month and 25% at 24-month
groups.

Axial regularity (Fig. 8Af) was significantly different
between the 18-month group and both other groups
(P < 107?) but was not significantly different between the
6- and 24-month groups (P = 0.574), corresponding to a
reduction in the mean regularity from 0.55 at 6-month
group to 0.39 at 18-month group, which was restored
to 0.51 at 24-month group. The SD was largest for the
24-month group (1.29 vs. 1.07 for the 6-month and
18-month groups), which was reflected in an overall
increase in the probability of finding axial irregularity at
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Figure 7. Analysis of clusters-of-clusters

For all three age groups (blue — 6 months; green — 18 months; orange — 24 months) the distributions describing
the proportion of clusters that contained two (upper), three (middle) or four (lower) neighbouring clusters within
varying distance thresholds are shown as boxplots denoting median & 10th and 90th percentiles.
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Figure 8. Summary of structural phenotype analysis
A, image-by-image scores for the various structural metrics, and summary of the distributions grouped by age,
with the probability of animals meeting the threshold (indicated by the dotted line and the grey shaded area).
Data are presented across age; 6 months (blue; N = 6 animals; n = 23 cells and n = 34 images), 18 months (green;
N =5 animals; n = 14 cells and n = 20 images) and 24 months (orange; N = 6 animals; n = 21 cells and n = 36
images). B, correlations between the primary structural scores.
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both aged groups compared to the 6-month group (5% in
the 6-month group, 32% in the 18-month group and 22%
at the 24-month group).

Across all metrics the 18-month group displayed
the largest variability and the highest probability of
remodelling, with the 24-month group exhibiting
either partial or full recovery. Correlating the various
scores with each other further revealed the combined
features of remodelling (Fig. 8B). The 18-month group
consistently exhibited the highest probability of finding
cells that surpassed the thresholds for multiple metrics
concurrently, for example an individual image being both
sparse and irregular, whereas the other two groups tended
to produce cells that surpassed the threshold in only one
metric.

Discussion
Summary of major findings

In this study we have characterized the properties of
calcium sparks and RyR clusters in isolated ventricular
myocytes from a sedentary model of ageing in rats at
three different age points (6, 18 and 24 months). Generally
the aged cohorts were associated with an increased
probability of structural remodelling corresponding to
fragmentation, sparseness and irregularity (Fig. 8 and
Figs A6-A9). These structural changes accompanied a
greater morphological change in spontaneous calcium
spark response upon the application of ISO with age.
Both aged groups exhibited a high spontaneous spark rate
compared to the 6-month group, and the 24-month group
exhibited the most substantial response to ISO.

Structural phenotypes

Our analyses focused on cluster structure and inter-
cluster relationships, which revealed various structural
phenotypes that were characterized by our structural
metrics: ‘typical’ cells contained medium-sized clusters
and a clear and robust transverse and axial structure; ‘high
degree of cluster ensembles’ cells that were characterized
by fragmentated-like clusters; ‘sparse’ cells with large
separation between clusters at the larger scale; and
‘disorganized’ cells that were characterized by an irregular
transverse and axial structure.

Many overall differences between the groups were
underpinned by an increase in interanimal variability with
age, mixing more typical and remodelled phenotypes.
Generally there was an increased propensity for animals
that contained cells with high cluster ensemble scores
(indicating fragmentation), sparsity scores and irregular
structure scores with age, with a reduction in those
displaying typical and robust cell types. The 6-month
group contained primarily typical and robust cell types,
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with little representation from disorganized, sparse
or fragmented cells. The 18-month group exhibited
over-representation of cells that contained many cluster
ensembles, were sparse and/or exhibited a high degree
of irregularity. The 24-month group was more mixed
between typical and robust cell types and those associated
with remodelling. Transverse spacing was largely pre-
served across age, with larger edge-to-edge differences at
18 months due to a reduction in cluster height, whereas
variability in the coarse-grained axial spacing was
generally increased in the aged groups, underpinned
by a redistribution of the clusters rather than changes to
cluster structure, correlating with the more disorganized
phenotypes.

Biphasic age-dependent progression of remodelling

Three age points were chosen for the present study
to provide insight into the continuum of remodelling
that occurs during the ageing process; indeed pilot data
indicated an acceleration of remodelling by age 24 months.
Counter to our expectations we report, to our knowledge
for the first time, a biphasic progression of multiple
properties with age, exhibiting significant remodelling
between 6 and 18 months and then partial or full recovery
by 24 months. Generally the biphasic changes were
characterized by the emergence and high representation
of animals that contained cells with a high prevalence
of cluster ensembles, sparsity and/or disorganized RyR
clusters in the 18-month group. The extent of their
representation was reduced at 24 months but remained
present, leaving both aged groups to exhibit a degree of
remodelling compared to the 6-month controls. Primarily
small-scale remodelling (i.e. fragmentation) was biphasic,
with partial recovery in the 24-month group, whereas
larger-scale features (axial distances, sparseness and
general disorder) were generally remodelled in both aged
groups compared to the 6-month group, although often
still showing a small degree of partial recovery at 24
months.

The potential role of survivor bias may confound these
observations and leads to two possible interpretations
for these results: we have observed either a genuine
process of remodelling and partial recovery with age, or
the divergence of ‘healthy’ and ‘unhealthy’ aged groups
wherein the 18-month group is largely populated by the
‘unhealthy’” animals that needed to be culled at that time.
The larger the contribution of this potential survivor
bias, the more suitable the second explanation becomes.
We note that not all animals in the 18-month group
were selected based on animal husbandry concerns, and
that many of the husbandry concerns that led to the
selection of animals being culled rather than further
aged did not necessarily correlate directly with general
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health (e.g. long nails). Nevertheless we cannot rule out
the contribution of survivor bias to our observations of
the biphasic progression of remodelling with age. It is
therefore highly likely that both interpretations are valid
to an extent; that is there is a degree of remodelling
and recovery, while individuals also age with different
degrees of health. We are confident that all remodelling
observed between either aged group and the 6-month
controls represents a real and meaningful change in the
structure-function relationships underpinning calcium
handling during sedentary ageing. Whether remodelling
occurs and then partially reverses in individuals, or
whether our observations are primarily explained by
divergence of groups, needs further investigation.

Some observed features support the interpretation of a
genuinely biphasic remodelling process. For example we
observed similar features to those reported by Caldwell
et al. (2024), who explored recovery of the t-system
following heart failure. Heart failure was associated with a
high degree of detubulation, whereas in recovery t-system
density was largely restored but the underlying structure
remained disorganized compared to control. This is
analogous to our observations of substantially increased
prevalence of cluster ensembles at 18 months and a
reduction at 24 months but an increase in the disorder and
dispersion of clusters at the larger scale.

It is therefore likely that some form of partial recovery
occurs between these two age points, which may be
related to the increased sensitivity to ISO at 24 months.
We therefore argue that future studies should consider
multiple age points to verify or refute our observations
and provide further insight into the potentially interacting
and compensatory roles of structural and functional
remodelling during the progression of ageing.

Sympathetic regulation

ISO had no significant impact upon calcium spark
morphology in the young 6-month animals but did have
a noticeable effect with age, with the largest impact on
spark size in the 24-month group compared to the basal
conditions. Shen et al. (2022) noted that exposure of
ISO to a fragmented RyR cluster pattern was found to
increase calcium spark fidelity, improving intercluster
communication, with larger calcium sparks recorded.
This is supported by Hou et al. (2023), who observed
B-adrenergic stimulation increasing RyR recruitment to
enable calcium spark formation, and Litwin et al. (2000),
who noted B-adrenergic stimulation of left ventricular
myocytes in a rabbit myocardial infarction (MI) model of
heart failure improved calcium synchronization.

In our data we evaluated calcium spark morphology
in the presence of ISO in a different subset of cells
from which RyR structural morphology was derived,
and so no conclusions can be drawn in a correlative

J Physiol 0.0

manner. However we noted that fragmentation was most
apparent at 18 months, but the greatest change in calcium
spark mass was evident at 24 months. One consideration
could be an additional regulation of the RyR channel at
24 months, which was not evident at 18 months, with
response to ISO being determined by factors additional to
RyR cluster pattern. Within the failing heart, for example,
hyperphosphorylation is present (Sheard et al, 2019)
and is suggested to drive dispersion of RyR through the
CaMKII and PKA pathways, leading to an increase in
calcium spark amplitude and FWHM (Shen et al., 2022).
As such, phosphorylation, alongside RyR orientation, is
considered determinants of calcium signalling within
heart failure (Herndndez Mesa et al., 2022). Blockade of
B-adrenergic stimulation preserved calcium functionality
in a rodent model of pulmonary artery hypertension
(Fowler et al., 2018), with inhibition of the PKA/CaMKII
pathway in a rodent heart failure model leading to the RyR
cluster pattern and calcium spark kinetics being restored,
akin to our 24-month animals, proposing an ability of the
ageing heart, unlike the failing heart, to internally regulate.
The exact mechanism of action underlying the increased
response to ISO with age requires further study, with an
increased number of small RyR clusters being associated
with increased §-adrenergic response but by no means is
causation suggested.

Comparisons to heart failure remodelling

Remodelling of the heart at multiple scales is associated
with many cardiac conditions, notably including the
various presentations of heart failure. Although the ageing
heart and the failing heart are distinct, observations can
be drawn between features of the two. Broadly, some
aged hearts may present similar features to heart failure,
such as reduced cardiac output and increased vulnerability
to arrhythmia, including sudden cardiac death, which
may be underpinned by similar features of structural
and functional remodelling at multiple scales, including
dilatation, hypertrophy, increased spatial heterogeneity,
prolongation of the action potential, abbreviation of the
intracellular calcium transient and subcellular structural
remodelling of calcium handling apparatus. Thus aged
hearts that present these features may be comparable to
heart failure but with distinct aspects of the phenotype.
Our observations support the emergence of some
similar features in ageing and heart failure at the sub-
cellular level. We observed a substantial increase in
interanimal variability with age, and it is those that
displayed markedly different properties to the 6-month
group that exhibited broadly similar characteristics to
heart failure. Previous studies have revealed that calcium
transient kinetics are altered and cell-wide calcium
desynchrony is apparent in heart failure (Fowler et al,,
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2020; Louch et al., 2004), which have been correlated
with disorganization of the t-system and alteration in
RyR cluster pattern, including increased fragmentation
(Dibb et al., 2022; Galice et al., 2018; Hurley et al,
2023; Ibrahim et al., 2011; Kolstad et al., 2018; Sheard
et al.,, 2022; Soeller et al., 2009; Song et al., 2006; Walker
et al., 2014). At 18 and 24 months of age there was
an increased propensity for animals that contained cells
with high fragmentation and irregular global RyR cluster
distribution. In Kolstad et al. (2018) a rat aortic-banded
model of heart failure revealed the fragmentation of inter-
cluster distances that was considered the predominant
driver for decreased calcium spark fidelity, with smaller
RyR clusters leading to calcium leak. Comparatively
in our 18-month animals, where fragmentation was
most apparent, calcium spark amplitude and frequency
increased and FWHM decreased, with the converse
observed at 24 months. This suggests that across ageing,
alterations in RyR cluster pattern within the junctional
dyad are not the sole determinant of calcium spark fidelity.
This is unlike that proposed in the failing heart. Instead
moderate changes in RyR gating could be the principal
determinant for altered calcium spark morphology as age
increases (Cannell et al., 2013), with a single spark release
having minimal dependence upon RyR organization
(Hou et al., 2023). We report a partial recovery of
FWHM/amplitude at 24 months, with an increase in
the median Ngyr, comparatively aligning closer with the
6-month baseline than the 18-month mid-point. This
suggests that the heart has undergone a compensatory
mechanism that is lacking in heart failure.

Furthermore depletion of the SR calcium store through
calcium leak (Boyden & Smith, 2018; Dridi et al., 2020),
altered calcium spark morphology and a reduction in
calcium transient kinetics have been recorded in heart
failure (Fowler et al., 2020; Hurley et al., 2023; Louch
et al,, 2013). Combined these changes can lead to the
generation of delayed afterdepolarization and ultimately
to the development of arrhythmia (Waddell et al., 2023).
These aspects were not investigated in our present study,
but the correlation of related structural features between
ageing and heart failure that we observe implies a potential
relevance that should direct future investigations.

Limitations

This study has several methodological limitations that
should be considered for interpretation of the findings.
First the temporal resolution achievable with confocal
spinning disk imaging was insufficient to resolve the
full time course of individual calcium sparks. Because
sparks could arise and dissipate within a single acquisition
frame, their true durations remain unknown. Spatial pre-
cision was also constrained by the use of a diffusive
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calcium-indicator dye, which may have introduced signal
blurring and limited the fidelity of local calcium-release
measurements. Moreover our analyses were restricted to
spontaneous Ca’" spark kinetics measured from a small
subcellular region, capturing only part of the broader
physiological behaviour expected in vivo (Cheng &
Lederer, 2008). To minimize artefacts we applied stringent
exclusion criteria, as detailed in Methods section, to
remove spurious or out-of-focus spark detections (Hurley
etal,, 2021), although this necessarily reduced the number
of analysable events. Frame rate varied between the
6-month control and aged groups, with the slower frame
rate accounting for the lower signal-to-noise ratio with
age. To calculate the FWHM the peak of the calcium spark
needs to be captured. We are confident that this is done
across the frame rates used, with the use of the analysis
package xyspark, and our subsequent filtering applied
to ensure that only in-plane calcium sparks, following a
Gaussian fit of fluorescence distribution, were included.
However due to differences in frame rate comparison of
calcium spark morphology across age has not been under-
taken.

Limitations also arise from the expansion-microscopy
approach. Although 4x EExM achieved an in-plane
resolution of <40 nm and an axial resolution of <90
nm (Sheard et al., 2022), these values remain poorer
than the dimensions of individual RyR puncta, meaning
that cluster-pattern measurements should be regarded
as estimates rather than direct representations of native
ultrastructure. This consideration, however, does not
affect comparisons between groups and would manifest
only as a small error in the estimation of absolute
numbers of RyRs per cluster. The extent to which the
expansion process is fully isotropic remains a matter
of ongoing discussion. Prior characterization within
ventricular cardiomyocytes using identical chemistry,
instrumentation and laboratory conditions supports the
reliability of the method as applied here (Sheard et al.,
2019), with fluorospheres used to define the point spread
function within a hydrogel to quantify the level of
optical diffraction present. We were unable to perform
correlative functional-structural imaging in the present
study; however Hou et al. (2023) reported that RyR mean
size was unaffected by ISO treatment in a correlative
framework, suggesting that major functional-structural
discrepancies are unlikely when evaluating RyR structure
obtained under calcium conditions, with Ca®" spark
function obtained in presence of ISO. As with all post-
fixation approaches the potential impact of 2% fixation on
RyR cluster organization is unknown, particularly in light
of previous observations of dynamic RyR redistribution at
the cell periphery in live-cell imaging (Hiess et al., 2018);
however it is important to note that our RyR datasets
were from internal dyads. The RyR antibody used here has
been previously validated for DNA-PAINT (Jayasinghe
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et al, 2018); however antibody size and linker error
remain inherent limits of immuno-based super-resolution
imaging. Furthermore we did not assess additional
regulatory proteins involved in calcium signalling, which
constrains interpretation of the molecular context of
the observed changes, nor was t-system density directly
characterized, which may correlate substantially with RyR
remodelling.

Aspects of the animal model introduce further
limitations. The use of a sedentary model may restrict the
generalizability of the findings to animals experiencing
different physiological loads or activity levels.

The structural phenotyping metrics that were
developed in this study were rather simplistic and crude.
Despite this they did provide a useful and visually
validated approach to quantify cells from each age
group. The cluster ensemble score did exhibit a small
correlation with the resolution of the original image
(higher-resolution images were more able to resolve
separated localized clusters), which could impact our
analyses. However the range of cluster ensemble scores
was observed across almost all resolutions, and the
distribution of age group and resolution did not correlate.
Moreover the two cells with the lowest resolution and
score were from the 18-month group, which would
therefore potentially underestimate the significantly
increased degree of cluster ensembles in that group
compared to the other two groups. Nevertheless it is
worth considering that our results will be influenced
by resolution. All other structural phenotype metrics
were derived from the coarse-grained model, which
was therefore not sensitive to the original image
resolution, although incurs the implicit limitations of
the coarse-graining approach.

Conclusion

We have characterized calcium spark morphology in
response to B-adrenergic stimulation and RyR cluster
properties in a model of sedentary ageing at three
age points corresponding to young adults (6 months)
and aged adults (18 and 24 months). Calcium spark
properties were unaltered in the young adults upon
B-adrenergic stimulation but remodelled in both ageing
groups, with the greatest change exhibited within the
24-month group. Across age remodelling of multiple
properties of RyR cluster and intercluster structure was
noticeable, with many showing a biphasic response,
exhibiting recovery between 18 and 24 months. Primarily
the 18-month group contained a substantial increase in
fragmentation compared to the 6-month group, and the

J Physiol 0.0

24-month group exhibited less fragmentation but more
global disorder and remained significantly remodelled
compared to the 6-month group. Remodelling and partial
recovery were underpinned by an increase in inter-
cellular and interanimal variability in both age groups,
indicating a diverse population of healthy and less
healthy subjects. Features of remodelling were analogous
to heart failure but with a distinct characteristic of
the phenotype. Our results indicate that functional and
structural remodelling combine to explain abbreviations
in subcellular calcium handling associated with age, and
that intercluster relationships may be more important
than overall cluster size.
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Figure A1. Absolute heart weight
A, the individual heart weight of each adult male Wistar rat across
the three age points: 6 months (blue; N = 5), 18 months (green;
N = 6) and 24 months (orange; N = 7), with mean + SD.
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Figure A2. Correlation between body weight and measures of ryanodine receptor (RyR) cluster pattern

The individual body weight of each adult male Wistar rat across the three age points: 6 months (blue; N = 8), 18

months (green; N = 6) and 24 months (orange; N = 7) were plotted against measures of RyR cluster pattern, with a
regression value calculated from a regression analysis undertaken in Python. Measures of RyR cluster pattern were

(A) number of RyR puncta per cluster, (B) cluster height, (C) cluster width, (D) centre-to-centre distance between

RyR clusters, (E) centre-to-centre distance in the longitudinal direction between RyR clusters, (F) centre-to-centre

distance between RyR clusters in the transverse direction, (G) edge-to-edge distance between RyR clusters in the

longitudinal direction and (H) edge-to-edge distance between RyR clusters in the transverse direction.
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Figure A3. Correlation between the body weight to heart weight ratio and measures of ryanodine

receptor (RyR) cluster pattern

The individual body weight of each adult male Wistar rat was quantified as a ratio in respect to the animal’s
corresponding heart weight across the three age points: 6 months (blue; N = 8), 18 months (green; N = 6) and
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24 months (orange; N = 7). This ratio was plotted against measures of RyR cluster pattern, with a regression value
calculated from a regression analysis undertaken in Python. Measures of RyR cluster pattern were (A) number of
RyR puncta per cluster, (B) cluster height, (C) cluster width, (D) centre-to-centre distance between RyR clusters, (E)
centre-to-centre distance in the longitudinal direction between RyR clusters, (F) centre-to-centre distance between
RyR clusters in the transverse direction, (G) edge-to-edge distance between RyR clusters in the longitudinal direction
and (H) edge-to-edge distance between RyR clusters in the transverse direction.
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Figure A4. Variability within measures of calcium spark morphology in 1.8 mm calcium and 1 pM iso-
prenaline conditions

Isolated ventricular cardiomyocytes from a male Wistar rat model of sedentary ageing at 6 months (blue),
18 months (green) and 24 months (orange). Cardiomyocytes were loaded with 5 uM Fluo-4 AM, and spontaneous
calcium spark events were recorded using a confocal spinning disk microscope and analysed using FlJl ImageJ,
xyspark plug-in. Absolute deviation from the age-grouped median was calculated on an animal-to-animal basis
using SPSS. This was undertaken for full-width at half maximum in presence of calcium (6 months: N = 6; 18
months: N = 5; 24 months: N = 7) (Aa) and isoprenaline (6 months: N = 7; 18 months: N = 5; 24 months:
N = 7) (Ba), amplitude as determined by fluorescence intensity according to F/FO in presence of calcium (Ab)
and isoprenaline (Bb) and spark mass as a factor of FWHM and F/FO combined in presence of calcium (Ac) and
isoprenaline (Bc).
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6 months
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Figure A5. Correlation of full-width at half maximum (FWHM) and amplitude for calcium sparks
Upper panel is 1.8 mm calcium control, and the lower panel is 1 uM isoprenaline (ISO). Grey lines indicate contours
of constant spark mass.
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Figure A6. Summary of properties of the ryanodine receptor (RyR) cluster pattern across age

Cluster properties across age at 6 months (blue; N = 6), 18 months (green; N = 5) and 24 months (orange;
N = 6). Clusters are characterized by (A) number of RyR per cluster (NRyR), (B) cluster height, (C) cluster width,
(D) centre-to-centre axial distance between clusters, (E) centre-to-centre transverse distance between clusters, (F)
edge-to-edge axial distance between clusters, (G) edge-to-edge transverse distance between clusters as illustrated
for each variable by histograms for (a) 6 months (blue), 18 months (green) and 24 months (orange) and plots with
(b) median, (c) interquartile range and (d) 95th percentile, all with individual data points mapped.
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Figure A7.
Intercellular and interanimal variability in cluster size.
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Figure A8.

Intercellular and interanimal variability in centre-to-centre intercluster transverse distances.
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Intercellular and interanimal variability in centre-to-centre intercluster axial distances.
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