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a b s t r a c t

Age-associated changes in cardiac structure and function have been observed from the molecular to
whole organ level in humans and mammalian models. Understanding the mechanisms involved is
important for explaining the development of cardiac disease with age and developing novel strategies for
its treatment and prevention. The zebrafish represents a powerful model for cardiovascular research, as
various cardiac pathologies have been recapitulated, it is easily genetically modified, and it is a relatively
low cost and high-throughput option. In aged zebrafish, myocyte hypertrophy, increased ventricular
density and fibrosis, valvular lesions, and reductions in coronary vasculature have been described. The
functional consequences of these structural changes however, are relatively unknown. In the current
study, we investigated age-related changes in cardiac function in the isolated zebrafish heart. In older
animals, heart rate was less stable, sinoatrial node recovery time was increased, and the heart rate
response to vagal nerve stimulation was reduced, suggesting an age-dependent change in sinoatrial node
function. These changes were accompanied by age-related differences in intracardiac innervation, with
the total number and proportion of cholinergic neurons being higher in older animals. In contrast, cal-
cium transient duration was highly variable in young animals, while baseline heart rate and rates of
contraction and relaxation were also highly variable, but on average did not change with age. These
results suggest that age-associated changes in both myocyte and intracardiac neuronal structure and
function exist in the zebrafish heart, offering a new model for studies of cardiac ageing.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Cardiovascular (CV) structure and function are altered with age.
Age-related changes occur from the molecular to whole organ level
and are often specific risk factors for various CV diseases (CVD) (see
reviews by Lakatta, 2003; Keller and Howlett, 2016). Recent in-
vestigations of the changes in structure and function that accom-
pany ageing have provided valuable insights into their importance
and potential mechanisms (Wang et al., 2014; Feridooni et al., 2015;
Chiao et al., 2016; Jansen et al., 2017). A better understanding of CV
changes that occur with age will help us to unravel their etiology,
discover their role in cardiac pathologies, and develop improved
therapies to reduce the incidence of CVD.
y and Biophysics, Dalhousie
R2, Canada.
1.1. Ageing and the heart in humans and mammalian models

In humans, a variety of mechanisms are known to be involved in
the cardiac ageing process (e.g., histone modifications, protein
quality control, organelle dysfunction, signalling pathways, and
oxidative stress). To understand underlying mechanisms and their
individual impact, each needs to be systematically analysed, mak-
ing it a particularly demanding endeavor (Sun et al., 2015). For this,
the use of animal models has greatly contributed to our under-
standing of the biology of ageing and the testing of new in-
terventions to increase longevity (Howlett, 2015). While the use of
invertebrate model systems, with short lifespans and well-
characterized genetics such as the fruit fly Drosophila mela-
nogaster have been important for investigations into the genetic
and molecular basis of the cardiac ageing process (Ocorr et al.,
2007a,b; Nishimura et al., 2011), differences in their cardiac anat-
omy and their small size limit their use in functional investigations.
Studies in humans and other mammals, on the other hand, have
been used to investigate age-related changes in cardiac structure
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Abbreviations

AcT acetylated tubulin
ANS autonomic nervous system
APD action potential duration
CaTD calcium transient duration
ChAT choline acetyltransferase
CV cardiovascular
cSNRT corrected sinus node recovery time
CVD cardiovascular disease
ECG electrocardiogram
HR heart rate
Hu human neuronal protein C

IBV interbeat variability
ICNS intracardiac nervous system
KH Krebs-Henseleit
LV left ventricle
Mpf months post fertilization
PBS phosphate buffered saline
PBS-T phosphate buffered saline with TritonX-100
PFA paraformaldehyde
RMSSD root mean square of the standard deviation
SAN sinoatrial node
SR sarcoplasmic reticulum
VNS vagal nerve stimulation
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and function (Fares and Howlett, 2010; Feridooni et al., 2015;
Moghtadaei et al., 2016; Jansen et al., 2017). To date, most studies of
cardiac ageing have been performed in rats and mice due to: (i)
their relative short lifespan (~2.5 years, with a 50%mortality rate by
24 months of age); (ii) the relative ease of their genetic manipu-
lation; and (iii) the numerous similarities in cardiac structural
changes occurring with age compared to human (see review in
Keller and Howlett, 2016).

1.1.1. Cardiac structure in ageing
Cardiac ageing is characterized by both organ-/tissue- and

cellular-level structural changes. Overall, results of studies in
humans and animal models have demonstrated: (i) atrial remod-
elling, characterized by larger atrial size (hypertrophy) and volume
(Boyd et al., 2011); (ii) left ventricular (LV) hypertrophy, related to
an increase in wall thickness (see review in Strait and Lakatta,
2012); (iii) a decline in the number of sinoatrial node (SAN) pace-
maker cells and the expression of ion channels involved in their
function (Moghtadaei et al., 2016; Jansen et al., 2017); and (iv) an
increase in the number of cardiac fibroblasts (the cells that produce
the heart's extracellular matrix) (Horn and Trafford, 2016).

1.1.2. Cardiac function in ageing
Studies investigating age-dependent changes in atrial electro-

physiology in humans have involved the use of atrial myocytes
from CVD patients, and few have examined very old patients (>70
years), thus limiting the conclusions that can be made regarding
the independent influence of age on the electrophysiological
properties of atrial myocytes (see reviews in Dun and Boyden,
2009; Keller and Howlett, 2016). In animal models it has been
observed that the resting membrane potential of right atrial myo-
cytes from older animals is depolarized and that cells from older
animals have longer action potentials than younger animals, which
is associated with an increase in potassium currents and a decrease
in calcium currents (Dun and Boyden, 2009). Together, age-related
changes in structure (hypertrophy and fibrosis) and ion channel
function and expression may partly account for the increased
occurrence of bradycardia and atrial arrhythmias, requiring pace-
maker implantation in older adults. (see Tellez et al., 2011; Mirza
et al., 2012; Brandenburg et al., 2016; review in Keller and
Howlett, 2016). With ageing there are also characteristic electro-
physiological changes in the SAN (Yanni et al., 2010; Larson et al.,
2013), including an inferior shift in the leading pacemaker site
and depression of SAN cell activity (see reviews in Monfredi et al.,
2010; Dobrzynski et al., 2007; Choudhury et al., 2015). In the car-
diac conduction system, ageing-associated changes include pro-
longation of the QRS complex (consistent with slowed impulse
conduction), which may be the result of reduced expression of
connexin-43 (Jones, 2006; Tellez et al., 2011; Mirza et al., 2012;
Brandenburg et al., 2016).

In the ventricles, the principal structural characteristic of the
ageing heart is an increase in the occurrence of LV hypertrophy in
both humans and animal models (Chen and Frangogiannis, 2010;
Fleg and Strait, 2012; Strait and Lakatta, 2012; Feridooni et al., 2015;
reviewed in Keller and Howlett, 2016). There is evidence that this
structural change may lead to a decline in cardiac contractile
functionwith age, especially during exercise, with older individuals
often also exhibiting reduced diastolic relaxation (Fleg and Strait,
2012; Strait and Lakatta, 2012). This may in turn predispose in-
dividuals to the development of CVDs, such as heart failure
(Feridooni et al., 2015, 2017; Keller and Howlett, 2016). Age-
dependent increases in LV fibrosis, stiffness, and wall thickness
promote diastolic dysfunction, which can lead to heart failure with
a preserved ejection fraction (see Keller and Howlett, 2016).
Further, slow LV filling increases diastolic pressure, resulting in
atrial dilatation and hypertrophy, which enhances the force of atrial
contraction and promotes late diastolic LV filling to compensate for
reduced early diastolic filling (Fleg and Strait, 2012). Consequently,
the atria make a larger contribution to ventricular filling in older
individuals, accompanied by a reduction in cardiac output (espe-
cially in cases of atrial fibrillation, which predisposes older in-
dividuals to the development of heart failure) (Goette et al., 2002;
Hirsh et al., 2015). Recent studies have also demonstrated that age-
dependent ventricular hypertrophy and the associated contractile
dysfunction are present not only at the organ level, but also in
isolated ventricular myocytes (Feridooni et al. 2015, 2017).

1.2. Zebrafish as a model for studies of cardiac ageing

1.2.1. Ageing and senescence in zebrafish
Despite a slightly longer average life span than mice (~3 years;

Gerhard et al., 2002), numerous invertebrate-like advantages,
especially the ease and low cost of deriving and maintaining large
populations, make the zebrafish an attractive model organism for
gerontological studies (Gerhard and Cheng, 2002; Keller et al.,
2006). Numerous clinically important age-related human disor-
ders have been modelled in the zebrafish, including heart failure,
cardiac ischemia, cancer, and diabetes, with studies primarily
focused on identifying genetic mutations important in these
various disorders. To date, however, little work has been done on
screening for age-related phenotypes in aged zebrafish (Gerhard,
2003). It has also been suggested that zebrafish may be a valu-
able species to investigate potential relationships between early
growth rates and longevity. Wide variation in growth rates is
apparent in outbred zebrafish populations, suggesting the presence
of naturally occurring polymorphisms on which selection could
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easily be performed (Gerhard, 2003).
Recent studies have provided varying reports on the median

lifespan of zebrafish (31e42 months, with a maximum lifespan
between 45 and 66 months (Gerhard et al., 2002; Herrera and
Jagadeeswaran, 2004). It has been suggested that zebrafish un-
dergo a gradual senescence (Keller and Murtha, 2004), with studies
having shown an age-related increase in mortality rate and the
development of several phenotypes similar to ageing mammals,
including: (i) senescence-associated-galactosidase staining and
oxidized protein (Kishi et al., 2003); (ii) spinal curvature, associated
with muscle loss/degeneration (Gerhard et al., 2002); (iii) accu-
mulation of lipofuscin (Kishi et al., 2003); and (iv) a reduction in
telomerase activity (Kishi et al., 2003).

1.2.2. Zebrafish as a model for cardiac investigations
The zebrafish has proven to be a powerful experimental model

for the study of cardiac electrophysiology and disease (see reviews
in: Nemtsas et al., 2010; Vornanen and Hassinen, 2016; Gut et al.,
2017; MacDonald et al., 2017). Recent reports have described sig-
nificant advantages of the zebrafish for evaluating cardiac (patho-)
physiology over traditional mammalian models such as rodents,
dogs, or pigs (Chaudhari et al., 2013; Stoyek et al., 2016). Advan-
tages include reduced expense, the requirement for smaller
amounts of test compounds, and the possibility for increased
sample sizes (Chaudhari et al., 2013). The operation of the two-
chambered zebrafish heart is fundamentally like that of the four-
chambered mammalian heart, matching cardiac output to blood
perfusion requirements (Hu et al., 2001). At the functional level
there are numerous advantages to the zebrafish: (i) it has striking
similarities to human, both genetically (almost every cardiac gene
has a human ortholog with analogous function) and functionally
(comparable heart rate [HR], SAN control, and underlying func-
tional mechanisms [ion channels and Ca2þ-handling proteins]); (ii)
it has a fully sequenced genome that can be easily altered by
standard techniques; and (iii) its entire cardiac structure and
function can be accessed, visualised, and manipulated in vivo (in
developing embryos) and in situ (in isolated hearts) (see Nemtsas
et al., 2010; Vornanen and Hassinen, 2016; Stoyek et al., 2015;
Stoyek et al., 2016; Gut et al., 2017; MacDonald et al., 2017).

1.2.3. Ageing and the zebrafish heart
While the use of zebrafish for studies of cardiac function is

becoming more common, the potential impact of age-related
changes has not been considered. In most investigations a large
degree of variation in measured indices of cardiac function have
been reported, which is attributed to high inter-subject variability.
However, studies often use populations across a very broad range of
ages (e.g., 6e12 or 18 months post fertilization [mpf] Sun et al.,
2015; Stoyek et al., 2015; Stoyek et al., 2016; MacDonald et al.,
2017) or report only body size (e.g., Lin et al., 2014; Lin et al.,
2015). It is therefore possible that the reported variation in
measured cardiac indices may in part be due to age-related
differences.

Currently there is limited information available on the effects of
ageing on the structure and function of the zebrafish heart. In aged
zebrafish, it has been reported that structural changes include: (i)
an increase in ventricular myocardial density, with a concurrent
increase in collagen (Sun et al., 2015); (ii) myocyte hypertrophy
(Sun et al., 2015); (iii) a reduction in coronary vasculature (Sun
et al., 2015); and (iv) an increase in the incidence of valvular de-
fects (Cooper and Spitsbergen, 2016).

In terms of age-related alterations in cardiac function, Sun et al.
(2015) have provided an initial description of changes in several key
cardiac indices, concluding that functionally the zebrafish heart
appears to age in a similar fashion to human. Aged zebrafish (52
mpf) demonstrate: (i) increases ventricular wall thickness, collagen
content, and fibrous tissue; (ii) increased ventricle density and
reduced epicardial vessel luminal diameter (suggesting a stiffer
ventricle and poorer perfusion of myocardial tissue); (iii) increased
end-diastolic ventricular dimensions; (iv) longer isovolumic
relaxation time; (v) longer atrial and atrioventricular node depo-
larization time (indicated by an increase in the ECG PR interval);
and (vi) reduced blood flow velocity through the ventricular exit.
Despite this, in the study by Sun et al. (2015) HR and ventricular
performance were not affected, as stroke volume, ejection fraction,
and cardiac output were similar in old and young fish. That ven-
tricular performance appears unaffected by age is supported by
findings from Zhang et al. (2018), who found that ejection fraction,
end diastolic volume, and fractional shortening were independent
of age and sex between 3- and 12 mpf. Under stress conditions,
however, aged zebrafish exhibit: (i) a slower HR at the initiation of
stress (2min), which increases rapidly and is greater than in young
zebrafish by 8min; (ii) T-wave inversion; (iii) longer ventricular
repolarization time, which increases as stress duration is increased;
and (iv) a higher incidence of arrhythmias, which also increase as
with the duration of stress (Gilbert et al., 2014; Sun et al., 2015).

In the current study, hearts isolated from young to ‘aged’
zebrafish (3e24 mpf) were studied to assess potential changes in
cardiac rhythm, ventricular electrical and mechanical function, and
response to intracardiac nervous system (ICNS) stimulation. The
results provide a characterization of zebrafish cardiac functionwith
age, along with insights into the utility of the zebrafish as a new
model for furthering our understanding of the mechanisms of age-
associated alterations in cardiac structure and function.

2. Methods

2.1. Ethical approval

All experimental procedures were approved by the Dalhousie
University Committee for Laboratory Animals and followed the
guidelines of the Canadian Council on Animal Care. Details of
experimental protocols have been reported following the Mini-
mum Information about a Cardiac Electrophysiology Experiment
(MICEE) reporting standard (Quinn et al., 2011).

2.2. Zebrafish

Adult 3 mpf (n¼ 20; 10 male, 10 female), 6 mpf (n¼ 19; 9 male,
10 female, with 1 female removed due to arrhythmia, see Section
3.2), 12 mpf (n¼ 16; 8male, 8 female), and 24mpf (n¼ 25; 13male,
12 female; 3 males and 2 females removed due to arrhythmia, see
Section 3.2) wild-type (AB) zebrafish were used in this study.
Following tricaine exposure (see details below) fish were measured
for total body length (from tip of snout to tail fork), then blotted dry
and rapidly weighed (AB304-S/FACT, Mettler Toledo). All results
were considered for each sex individually and for the group as a
whole.

2.3. Isolated hearts

Zebrafish hearts were isolated as previously described (Stoyek
et al., 2016; MacDonald et al., 2017). Briefly, fish were anaes-
thetised in Tris-buffered (pH 7.4; BP152, Fisher Scientific) tricaine
(1.5mM MS-222, SigmaeAldrich) in tank water (28 �C) until
opercular movements ceased and the animals lacked response to
fin pinch with forceps. A midline incision was made through the
ventral body wall and tissues of the ventral aorta, ventricle, atrium,
and venous sinus was removed and placed in a 5mL dish lined with
Sylgard (DC 170, Dow Corning) and superfused with Krebs-



Fig. 1. (A) Body weight, (B) total body length (TBL), (C) basal heart rate, (D) inter-beat variability (IBV), (E) arrhythmia incidence, and rate of (F) contraction and (G) relaxation by sex
and age. * indicates statistical significance between groups at p � 0.05.
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Henseleit solution (KH, containing [in mM]: 120 NaCl, 4.7 KCl, 26
NaHCO3, 1.4 NaH2PO4, 1.0MgCl2, 1.8 CaCl2, 5.0 Glucose; osmolality:
290± 5 mOsm/kg; pH: 7.40± 0.05 [Nemtsas et al., 2010;
MacDonald et al., 2017]) bubbled with carbogen (95% O2, 5% CO2)
and maintained at 28.0± 0.5 �C (physiological zebrafish tempera-
ture). Bath temperature was monitored using a thermocouple (T-
type pod, ADInstruments) and temperature was recorded at
2000Hz using a software-controlled data acquisition system
(LabChart and PowerLab, ADInstruments).

2.4. Experimental protocols and data analysis

2.4.1. HR and inter-beat variability
Isolated hearts were left to equilibrate in the bath for 30min for

stabilization of HR prior to experiments. A custom suction glass
microelectrode (1.00/0.75mm outer/inner diameter, ~50 mm tip
diameter; MPH6R10, World Precision Instruments) connected to an
ECG amplifier (Animal Bio Amp, ADInstruments) was positioned
with a three-axis rack and pinion stage (MM-3, Narishige Group)
next to the atrial appendage and suction applied with a 5ml sy-
ringe to measure the local electrocardiogram (ECG). A continuous
ECG signal was recorded from the start of the experiment through
all experimental manipulations at 2000 Hz using the data acquisi-
tion system. HR (beats/min) and inter-beat variability (IBV; a
measure of HR stability, calculated as the root mean square of the
standard deviation of the time between each heartbeat) were
calculated using the Heart Rate Variability (HRV) module in
LabChart.
2.4.2. Contractility
Rates of contraction and relaxation were calculated from videos

captured during the experimental period with a charge-coupled
device camera (DMK 23G618, The Imaging Source) at a rate of
~50 frames/s. Using custom routines in Matlab (version 2017a, The
MathWorks), the rates of contraction and relaxation were taken
from the average of three regions of interest (one on each side of
the ventricle and one at the apex; see Fig. 2C) and averaged over 5
consecutive heartbeats.

2.4.3. Vagal nerve stimulation
Vagal nerve stimulation (VNS) was performed as previously

described (Stoyek et al., 2016, 2017). Briefly, approximately 1mm of
the right cardiac vagal nerve was exposed in the walls of the ducts
of Cuvier. A bipolar platinum electrode was positioned with a
three-axis rack and pinion stage (MM-3, Narishige Group) on the
vagal nerve trunk. Trains of rectangular pulses (pulse duration
0.5ms, train duration 10 s, pulse frequency 15Hz, stimulus current
300 mA [Stoyek et al., 2016]) were delivered by a constant current
stimulator (S88 stimulator, PSIU6 constant current isolator; Grass
Instruments). In previous work the effects of left and right VNS on
HR were not statistically different (Stoyek et al., 2016), so in the
present study only the right vagal nerve was stimulated. To test for
the possibility of electrotonic spread of current into the myocar-
dium from the site of nerve stimulation, in all preparations the
stimulating electrode was placed on the duct wall away from the
vagosympathetic nerve, where repeated stimulationwith the same
parameters had no effect on HR. HR and IBV during and



Fig. 2. (A) Representative ECG recordings showing normal and prolonged recovery of the sinus node after burst atrial pacing. (B) Corrected sinus node recovery time by sex and age.
* indicates statistical significance between groups at p � 0.05. (C) Sample video frame illustrating the regions used to measure the rate of contractility and relaxation. (D)
Representative ECG demonstrating a period of vagal nerve stimulation (VNS)-induced bradycardia. Changes in (E) heart rate (HR), (F) inter-beat variability (IBV), and rate of (G)
contraction and (H) relaxation during and after VNS by sex and age. * indicates statistical significance between groups at p � 0.05.
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immediately following VNS were expressed as the change from
values calculated immediately prior to VNS.

2.4.4. Sinus node recovery time
SAN recovery time (SNRT) was assessed by delivering a 15-

stimulus drive train at a rate of 1 Hz above normal HR in each
heart and measuring the time between the last stimulus and the
occurrence of the first spontaneous atrial beat (see Fig. 2A). SNRT
was corrected for variability in basal HR (cSNRT) by subtracting the
pre-stimulus RR interval from the measured SNRT (Chadda et al.,
1975). All RR measurements were made using LabChart software.

2.4.5. Optical voltage and calcium measurements
Simultaneous imaging of voltage and calcium dynamics was

performed similarly to previous reports (Lin et al., 2015). Isolated
hearts were exposed to calcium dye Rhod-2 AM (10 mM; ab142780,
Abcam) for 20min in KH with blebbistatin (30 mM; (±)-blebbista-
tin; Toronto Research Chemicals Inc). Rhod-2 AM was then washed
out and hearts were incubated with voltage-sensitive dye RH237
(10 mM; 21480 (AAT), AAT Bioquest) in KH with blebbistatin for
10min. Blebbistatin was also present in the superfusate for the
duration of the experiment.

Preparations were epi-illuminated through a macro-zoom mi-
croscope (MVX10, Olympus) with a mercury lamp (U-HGLGPS,
Olympus). Light was directed through a 525 ± 25 nm band-pass
filter (ET525/50, Chroma Technology) and reflected by a 562 nm
dichroic mirror (T562lpxr, Semrock) onto the preparation. Emitted
fluorescence was split by a 660 nm dichroic mirror (FF660-Di02,
Semrock) and passed through either a 590 ± 16.5 nm band-pass
filter (ET590/33, Chroma Technology) or a 700 nm long-pass filter
(HQ700LP, Chroma Technology) onto 128 � 128 pixel, 16-bit
electron-multiplying charge-coupled device cameras (Cascade
128þ, Photometrics or i-Xon3, Andor Technology, respectively).
Images were recorded at 500 frames/s, with the camera controlled
by either MultiRecorder (for the Cascade 128þ, courtesy of
Johannes Schr€oder-Schetelig and Stefan Luther, Max Planck Insti-
tute for Dynamics and Self-Organization, G€ottingen, Germany) or
Solis (for the iXon3, Andor Technology). Optical data were analysed
with custom routines in Matlab (The MathWorks), with measure-
ments (action potential [APD] and calcium transient duration
[CaTD]) averaged over 3 consecutive heartbeats.

2.4.6. Immunohistochemistry
Hearts processed for immunohistochemistry were collected

from groups used for electrophysiology experiments (HR/IBV/
VNS/contractility). The general procedures used for immunohis-
tochemistry in this study were similar to those described in
previous publications (Stoyek et al., 2015, 2016). Whole hearts
were labelled with antibodies against acetylated tubulin (AcT;
1:250; T7451, Sigma Aldrich) and human neuronal protein C/D
(Hu; 1:250; A-21271, Thermo Fisher) to detect general innerva-
tion. To reveal the presence of cholinergic, parasympathetic
innervation, an antibody against choline acetyltransferase (ChAT;
1:100; AB144P; Millipore Sigma) was utilized. Tissues were fixed
overnight in 2% paraformaldehyde (PFA; RT-15710, Electron Mi-
croscopy Sciences) with 1% dimethyl sulfoxide (Sigma Aldrich) in
phosphate-buffered saline (PBS, composition in mM: 50
Na2HPO4, 140 NaCl, pH 7.2). Fixed tissues were rinsed in PBS,
transferred to a PBS solution containing 1% Triton X-100 (X100,
Sigma Aldrich) for 24 h at 4 �C with gentle agitation. Tissues were
then incubated with primary antibodies, which were diluted in a
solution containing 0.1% Triton X-100 in PBS (designated PBS-T).
Tissues were incubated for 3e5 days with agitation at 4 �C, rinsed
in PBS-T, then transferred to a solution of PBS-T containing the
appropriate secondary antibody conjugated to AlexaFluor 555 or
647 fluorophores (Life Technologies). Incubation time with sec-
ondary antibodies was 3e5 days with agitation at 4 �C. Final
rinsing was done in PBS and specimens were placed in Scale
CUBIC-1 clearing solution (Susaki et al., 2014) overnight at room
temperature with gentle agitation. Tissues were mounted on
glass slides in CUBIC-1 for confocal microscopy.

To determine how immunohistochemically labelled neuronal
elements were related to the regional structure of the myocardium,
specimens were labelled with the F-actin marker phalloidin (77418,
Sigma Aldrich), conjugated with tetramethyl rhodamine isothio-
cyanate to show cardiac myocytes.

Processed specimens were examined as whole-mounts using an
LSM 510 confocal microscope (Zeiss Canada) with a 10� , 0.45 NA
objective (Plan-Apochromat SF25, Carl Zeiss AG) or a 25� , 0.80 NA
objective (LCI Plan-Neofluar, Carl Zeiss AG). Preparations were epi-
illuminated with a 488 nm argon laser and 543 nm and 605 nm
helium-neon lasers reflected by 488/543/633 nm dichroic mirrors
(HFT 488/543/633; Carl Zeiss AG). Emitted fluorescence was
collected using 480e520 nm and 530e585 nm band-pass filters
and a 615 long-pass filter (Carl Zeiss AG). Confocal image Z-stacks
were acquired and processed using Zeiss Zen2009 software from
regions of interest surrounding immunoreactive tissues, which
ranged from 100 to 350 mm in depth, including a region of
10e25 mm above and below the region of interest to ensure that all
structures were captured, while limiting issues of light scattering
associated with deeper tissue scans. Figure plates were constructed
from images processed with Photoshop CS6 (Adobe Systems).
Brightness and contrast of some images were adjusted to ensure
panel-to-panel consistency in each figure.

2.4.7. Three-dimensional electron tomography
A separate group of 3 mpf (n¼ 4; 2 male, 2 female) and 24 mpf

(n¼ 4; 2 male, 2 female) AB zebrafish hearts were fixed with 4%
paraformaldehyde, 2.5% glutaraldehyde, and 0.1M sodium caco-
dylate for three-dimensional electron tomography imaging (Quinn
et al., 2016; Rog-Zielinska et al., 2016). Briefly, tissue fragments
were excised from the ventricle and washed with 0.1 M sodium
cacodylate, post-fixed in 1% OsO4 for 1 h, dehydrated in graded
acetone, and embedded in Epon-Araldite resin. Semi-thick
(275 nm) sections were placed on formvar-coated slot-grids, post
stained with 2% aqueous uranyl acetate and Reynold's lead citrate.
Colloidal gold particles (15 nm) were added to both surfaces of the
sections to serve as fiducial markers for tilt series alignment. Im-
ageswere acquired using a 300 kV Tecnai TF30 (FEI Company) and a
4 K � 4 K charge-coupled device camera (UltraScan; Gatan) at the
EMBL Heidelberg Electron Microscopy Core facility. The specimen
holder was tilted from þ60� to �60� at 1� intervals. For dual-axis
tilt series the specimen was then rotated by 90� in the XeY plane,
and another þ60� to �60� tilt series was taken. The images from
each tilt-series were aligned by fiducial marker tracking and back-
projected to generate two single full-thickness reconstructed vol-
umes (tomograms), which were then combined to generate a single
high-resolution three-dimensional reconstruction of the original
partial cell volume. Isotropic voxel size was approximately 1.5 nm,
with a biologically meaningful resolution of approximately 4.5 nm
in XeY. All tomograms were processed and analysed using IMOD
software, which was also used to generate 3D models and meshes
of the sarcoplasmic reticulum (SR).

2.4.8. Histology
Portions of the same hearts used for three-dimensional electron

tomography were fixed with 4% paraformaldehyde, dehydrated by
exposure to rising alcohol concentrations [0.5 h in 50% (vol/vol);
0.5 h each in 70% (vol/vol), 80% (vol/vol), 90% (vol/vol), and 0.5 h
(three times) in 100%], treated with xylene (3� 0.5 h), and
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infiltrated with wax [12 h in 50% (vol/vol) and 12 h in 100% (40)].
Tissue was then serially sectioned (10-mm thickness) using a heavy-
duty sledge-type microtome (RM2255; Leica Microsystems). The
tissue was allowed to relax in a water bath (HI 1210; LeicaMicro-
systems) at 39 �C for ~2min and then, carefully (aiming for minimal
distortion and avoidance of tissue folds) mounted to positively
charged slides (SuperFrost). Slides were air-dried (O/N) followed by
dewaxing and picrosirius red staining using an automated stainer
(ST5010 AutoStainer XL; Leica Microsystems). The stained and
mounted sections were imaged at high resolution (1.2-mm x/y
resolution) with an automated slide scanner (Axio Scan.Z1; Carl
Zeiss).

2.5. Statistical analysis

Measures of cardiac function (HR/IBV/rates of contraction and
relaxation/APD/CaTD) were compared between age groups using
one-way ANOVAwith Bonferroni post hoc correction. The incidence
of arrhythmias between age groups was assessed using a Chi-
squared test. Statistical analysis was performed in SPSS (IBM).
Values are presented as mean± standard error of the mean, with a
p-value < 0.05 indicating significance.

3. Results

3.1. Body weight and total body length

Body weight (Fig. 1A) and total body length (Fig. 1B) of zebrafish
at 12 and 24mpf were significantly greater than zebrafish at 3 and 6
mpf.

3.2. HR, IBV, and rate of contraction or relaxation

Basal HR was not different between age groups (Fig. 1C), how-
ever IBV was significantly greater in the 24mpf group than all other
age groups (Fig. 1D). The large IBV at 24 mpf reflects the high
incidence of spontaneous arrhythmias observed in that group
(Fig. 1E). Occurrence of an arrhythmia, which were generally
transient and spontaneously terminated, was counted when an
arrhythmic period persisted longer than 30 s. Zebrafish were
excluded from analyses if an arrhythmic period persisted longer
than 2min [n¼ 1 for 6 mpf group; n¼ 5 for 24 mpf group], which
was the period observed in preliminary experiments to be the
upper range that would generally spontaneously terminate. While
arrhythmic periods were observed in the 3 (n¼ 1) and 12 (n¼ 1)
mpf groups, the incidence was significantly greater in the 24 mpf
group. The rate of contraction (Fig. 1F) and relaxation (Fig. 1G) did
not vary between the age groups.

3.3. cSNRT

The average cSNRT of the 24mpf group was significantly greater
than those of the 3 and 6 mpf groups (Fig. 2B).

3.4. Effects of VNS on HR, IBV, and rate of contraction or relaxation

VNS caused a significant decrease in HR (Fig. 2E), with the
change being lower in the 12 and 24 mpf groups than in the 3 mpf
group. VNS also resulted in amore variable (but not significant) IBV,
but had no effect on the rate of contraction (Fig. 2G) or relaxation
(Fig. 2H) in any group.

3.5. Intracardiac innervation

There were no gross morphological differences observed in
the regional innervation of the hearts at any age (Fig. 3AeD). All
regions of the heart received innervation and major plexi were
present as previously described (Stoyek et al., 2015). Within the
SAN region (Fig. 3EeH) it was found that 3 and 6 mpf zebrafish
both had significantly less cholinergic and total neurons than
the 12 and 24 mpf zebrafish (Fig. 3IeL). It was also found that
the ratio of cholinergic (ChAT) to total neurons (AcT-Hu) was
significantly lower in the 3 mpf zebrafish than all other groups.

3.6. Ventricular APD and CaTD

There were no significant differences across the groups in APD
or CaTD when measured at 50% (APD50/CaTD50) or 80% recovery
(APD80/CaTD50; Fig. 4C and D respectively). During basal recordings
and, as well as during VNS, a greater variability of CaTD (Fig. 4F) was
observed in the younger age groups.

3.7. Ventricular SR and collagen content

Three-dimensional electron tomography revealed differences in
the volume, as well as the distribution of the SR in the ventricles of
3 and 24 mpf zebrafish (Fig. 5AeD; n¼ 7 cells, N¼ 4 zebrafish for
each group). At 24 mpf, the SR occupied a greater proportion of cell
volume (% vol SR/cell¼ 0.26± 0.02 vs. 0.60± 0.14, respectively) and
was distributed more deeply in the cell, located predominantly
between the sarcomeres andwithinmitochondrial clusters (ratio of
sub-sarcolemmal to intracellular SR¼ 2.03± 0.54 vs. 0.58± 0.13,
respectively). Histology with picrosirius red showed moderately
stronger collagen staining at 24 mpf (Fig. 5E, F, H, I). This finding
was supported by two-dimensional electron microscopy images,
which also showed the presence of diffuse collagen in the ven-
tricular tissue of 24 mpf zebrafish, which was not present at 3 mpf
(Fig. 5G, J).

3.8. Sex-specific differences

In all analyses sex-specific differences were considered. It was
found that only the body weight of females at 12 and 24 mpf were
significantly greater than males of the same age, which was
attributed to the mass of eggs in females.

4. Discussion

In this study we have defined changes in cardiac function and
intracardiac neural structure that occur with age in the zebrafish,
demonstrating differences that suggest the zebrafish may be a
useful model for investigations of some effects of ageing on cardiac
function. While mammalian models have previously been used for
similar studies, unique characteristics of the zebrafish heart make it
a potentially powerful novel tool - belowwe discuss our findings in
the context of results from human and mammalian studies.

4.1. Effects of age on cardiac rhythm

Clinically, the consequences of aging include a loss of SAN-
specific channels in SAN cells, resulting in a lower HR, atrial hy-
pertrophy and fibrosis, and ultimately electrical remodelling of the
heart (see review in Keller and Howlett, 2016; Tellez et al., 2011;
Mirza et al., 2012) It is generally accepted that with age HR and HRV
decline in mammals (Larson et al., 2013; McCraty and Shaffer, 2015;
Moghtadaei et al., 2016; Jansen et al., 2017) and that physiological
responses in both are maladaptive, especially during periods of
stress or exercise (Gilbert et al., 2014; Bernacki et al., 2016). In the
current study it was found that HR was similar among all ages
tested. The RMSSD of HR (representing IBV) was found to be



Fig. 3. Representative images of innervation of the whole heart in (A) 3, (B) 6, (C) 12, and (D) 24 month post fertilization (mpf) zebrafish (AcT-Hu, acetylated tubulin-human
neuronal protein; ChAT, choline acetyltransferase). Representative images of innervation of the sinoatrial region in (E) 3, (F) 6, (G) 12, and (H) 24 mpf zebrafish. Quantification
of cholinergic (ChATþ) and total (Huþ) intracardiac neurons (ICNs) within the sinoatrial region in (I) 3, (J) 6, (K) 12, and (L) 24 mpf zebrafish. * indicates statistical significant
difference of total (Huþ) ICNs between groups at p � 0.05; y indicates statistical significant difference of ChATþ:Hu þ ICNs between groups at p � 0.05. Scale bars: (A-D) 250 mm; (E-
H) 75 mm.
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significantly increased in the 24 mpf group, the age at which
arrhythmia incidence was also significantly greater than all other
groups. These findings differ from the above findings in mammals,
which may partly reflect species differences, differences in the
degree of ageing, and/or differences between isolated hearts
(which are decentralised, as they are separated from the CNS) and
the in vivo setting (in which hearts are under normal autonomic
nervous system [ANS] control). In vivoHRV represents ANS balance,
which has been shown in zebrafish to change with development
(Schwerte et al., 2006) and with neural modulation (Vargas, 2017)
as in human and mammalian models (McCraty and Shaffer, 2015).
Our measure of IBV, on the other hand, represents HR stability and
regularity of SAN firing. It thus appears that ageing in the zebrafish
causes dysfunction of the SAN, which affects its ability to generate
stable rhythmic firing, similar to what is observed in humans and
mammalian models (see reviews in Monfredi et al., 2010; Monfredi
and Boyett, 2015; Larson et al., 2013; Moghtadaei et al., 2016).
4.2. cSNRT and effects of VNS

Sinus node recovery time, the recovery of normal HR after a
period of rapid atrial pacing, has been established for the evaluation
of sinus node dysfunction in healthy individuals, those with cardiac
pathology, in intact animal models, and in isolated SAN/atrial tissue
(Amory and West, 1962; Lange, 1965; Narula et al., 1972; Dhingra
et al., 1973; Chadda et al., 1975). The age-dependent decline in
intrinsic SAN function has been shown in mammals to be reflected
by an increase in cSNRT (Moghtadaei et al., 2016). In the present
study it was found that corrected cSNRT in the zebrafish was
increased in the 24 mpf group and became more variable with age,
which is comparable with previous reports in humans and mam-
mals (DeMarneffe et al., 1986; Taneja et al., 2001; Moghtadaei et al.,
2016). Though it does not speak to underlying mechanisms of SAN
dysfunction, which may relate to changes in SAN tissue, SAN cells,
or neuronal control, the increase in cSNRT further suggests that



Fig. 4. Representative optical recordings of cardiac (A) action potentials (APD50, APD80) and (B) calcium transients (CaT50, CaT80). (E) Action potential durations and (F) calcium
transient durations by sex and age. (G) Changes in APD80 and (H) CaT80 during and after VNS by sex and age.
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there is a degeneration in function of the zebrafish SAN with age.
An essential aspect of cardiac function is the ability to adjust the

output of the heart to meet the continually varying metabolic de-
mands of the body. To match these demands, the ANS alters
pacemaker rate and myocardial contractility via reflexes acting
through the ICNS (see reviews in Armour, 2008; Ardell et al., 2016).
In mammalian hearts a major difficulty in studying the role of
function-specific components of the ICNS, such as those involved in
controlling rate, is that this system is deeply embedded in, and
distributed throughout, the walls of both atria and ventricles. These
components are therefore largely inaccessible for integrative
studies. One solution to this problem is the use of reduced exper-
imental preparations representing a subset of the ICNS, such as
isolated tissues containing neurons in ganglionated plexi, to study
properties of control circuits in vitro (Ardell and Randall, 1986;
Smith,1999; Ardell et al., 2014). This approach, however, eliminates
intracardiac neuronal connections, so only limited conclusions may
be drawn about the roles of localized circuitry in controlling overall
cardiac function. The ability to image the entirety of intracardiac
innervation in the whole heart using standard microscopy in
zebrafish is extremely advantageous for integrative studies of ICNS
function.



Fig. 5. Representative images of sarcoplasmic reticulum (SR) distribution as visualised by 3-dimensional electron tomography of zebrafish ventricular myocytes (A-D).
Green¼ subsarcolemmal SR, red¼ intracellular SR. Section depth¼ 250 nm. Scale bars: A-B¼ 100 nm, and C-D¼ 100 nm. Representative images of collagen deposition in the
ventricle of 3 mpf (E, F, picrosirius red; G, electron microscopy) and 24 mpf (H,I, picrosirius red; J, electron microscopy) zebrafish. Diffuse collagen in 24 mpf zebrafish indicated by
open arrowheads in panels I-J. Scale bars: E,H¼ 500 mm; F,I¼ 25 mm; G,J¼ 1 mm.
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In mammalian models, direct vagal nerve stimulation (VNS) has
shown contradictory results, causing both a decrease (Lewis et al.,
2001) and an increase in ventricular contractility and relaxation
(Henning et al., 1996), and has also revealed potential differences in
the targets and functionality of the left and right cardiac vagal
nerves (Akiyama and Yamazaki, 2001). Yet, little is known about
how the effects of VNS change with age in the whole heart. Our
results in zebrafish show that while VNS evoked changes in the HR,
there were no changes observed in the rates of contraction or
relaxation with age. In the mammalian heart much work has
focused on the cardiotropic roles of the vagal nerves, their targeted
subpopulations of intracardiac neurons, and overall physiological
functions in healthy adults (Blinder et al., 2007; Cheng et al., 2004;
Akiyama and Yamazaki, 2001; Smith, 1999; Ardell and Randall,
1986). However, investigations of the ANS and the ICNS in the
ageing heart have relied more on pharmacological manipulations
(Jansen et al., 2017; Moghtadaei et al., 2016). While these studies
provide insights into function at the post-synaptic level, they do not
consider potential pre-synaptic level dysfunction, which may
exacerbate underlying dysfunction. The current study thus pro-
vides a foundation upon which to build the zebrafish as a useful
model for the investigation of direct, integrative vago-cardiac in-
teractions in ageing.

4.3. Intracardiac innervation

Changes in cardiac autonomic nerve expression with ageing
have been previously described, showing variable alterations pri-
marily in circulating catecholaminergic compounds and adrenergic
receptor levels (Esler et al., 1995; Kaye and Esler, 2005; reveiew in
Kaye and Esler, 2008). In previous studies, the innervation and
control of the zebrafish heart by the ANS has been well described
(Stoyek et al., 2015, 2016), exhibiting innervation of the SAN,
atrium, and ventricle closely matching that observed in the human
and mammalian heart (Stotler and McMahon, 1947; Blinder et al.,
1998; Leger et al., 1999; Rysevaite et al., 2011; Pauza et al., 2014).
Results of the current study show that total ICN number and
composition changewith the life of the animal, expanding upon the
findings of the previous studies by revealing that the variability
observed in those studies may have been, in part, due to the broad
age ranges used. Age-associated imbalances in the parasympathetic
and sympathetic limbs of the ANS has been shown to predispose
individuals to CVD (see reviews in Burnstock, 1990; Thayer et al.,
2010). In the context of ANS function in the ageing human and
mammalian heart (see review in Kaye and Esler, 2008), most work
has focused on changes in sympathetic innervation and function
(Rengo et al., 2016; Sakata et al., 2009; Kaye and Esler, 2005). These
studies have described a decrease in receptor number and density
at the myocyte level. However, little is known about the effects of
ageing on parasympathetic structure and function in the heart. The
presence of similar parasympathetic and sympathetic receptors has
been previously described in the hearts of larval (Steele et al., 2009;
Steele et al., 2011) and adult zebrafish (Stoyek et al., 2016). Future
studies aimed at providing a description of the relative abundance
of and distribution of these receptors could provide great insights
into the changes in the ICNS observed in the present study.

4.4. Ventricular function

The consequences of aging on the heart are perhaps best studied
in terms of effects on the ventricles. Age-related changes in the
ventricles include myocyte hypertrophy and reduction in myocyte
number, decreased myocyte contraction, decreased calcium tran-
sient and slowed calcium removal, and increases in LV wall thick-
ness, stiffness, and fibrosis (see review in Keller and Howlett, 2016;
Reffelman and Kloner, 2003). Work at the cellular level has shown
that changes in contractility occur with normal ageing (Feridooni
et al., 2017). It has been shown that these age-related effects
result from a variety of tissue (e.g., fibrosis, connexion expression)
to sub-cellular (calcium handling, ionic channel, signalling path-
ways) changes (see reviews in Howlett, 2015; Keller and Howlett,
2016, Wei et al., 1984; Feridooni et al., 2015; Lakatta, 2003; Strait
and Lakatta, 2012). In the current study it was found that rates of
contractility and relaxation did not change significantly with age,
even though there did appear to be an increase in collagen in older
zebrafish. It is possible that the difference in the effect of age on
ventricular performance between the present and previous studies
is due to the oldest group used in the present study (24 mpf) being
not yet old enough to show deficits (Gerhard et al., 2002; Herrera
and Jagadeeswaran, 2004). The current results, however, fit with
a previous report showing that although zebrafish exhibit age-
related alterations in ventricular structure similar to that
observed in humans and mammals (ventricular wall thickening
and myocyte hypertrophy [Sun et al., 2015]), stroke volume and
cardiac output are not affected. Further, Zhang et al. (2018) have
described in Langendorff-like perfused isolated zebrafish hearts
that ventricular function, as measured by ejection fraction, end
diastolic volume, and fractional shortening were independent of
age, sex, and strain between 3 and 12 mpf. The Langendorff-like
perfusion utilized in that study represents a more 'working' (ven-
tricular pressure maintained by perfusion flow) condition for the
isolated heart, and though the study investigated a more limited
age-range, the findings fit well with previous literature and the
results of the current study.

In the zebrafish, changes in APD and CaTD have been shown to
result from changes in temperature (Lin et al., 2014, 2015), however
the effect of age has not beenwell investigated. In the current study
it was found that APD and CaTD did not vary with age, though it
was observed that CaTD was more variable within the 3 mpf group.
One possible explanation for this difference is that the calcium
handling apparatus within the heart of young zebrafish may still be
undergoing developmental changes, and its organization and
function is not as well established as in older animals. This possi-
bility is supported by our electron tomography data demonstrating
that SR volume in the ventricles of 24 mpf zebrafish are greater
than at 3 mpf group, and that it is distributed more deeply in the
cell. In the zebrafish it is known that although SR calcium levels are
much higher than in mammals, cardiac ryanodine receptor
expression and function is comparably reduced (80% of calcium
influx comes from L-type channels and only 20% from the SR (see
Bovo et al., 2013; Shiels and Sitsapesan, 2015). In humans it is
known that expression of calcium handling proteins changes in
early development (Qu and Boutjdir, 2001), while in zebrafish it has
been shown that altered expression and mutation of L- and T-type
channels can result in severe cardiac deficits and dysfunction
(Stainier et al., 1996; Rottbauer et al., 2001). However, if the
expression and function of Ca2þ handling proteins changes in
zebrafish during development and ageing remains to be elucidated.

Further, it was found that direct VNS did not alter APD or CaTD
within or between age groups. While surprising, this may be
explained by the fact that VNS parameters were chosen based upon
previously published optimal parameters (Stoyek et al., 2016),
which cause a reliable decrease in HR, without stopping or exces-
sively slowing the heart. Further, it was shown in that study that
the HR effects of either left or right VNS did not differ. It is thus
possible that APD and CaTD would be altered with an increase in
VNS parameters or that the left and right vagal nerves project to
different populations of effector cells (see Stoyek et al., 2015), and
thus contractility, and the function of underlying cellular mecha-
nisms (ionic currents and calcium channels) are differentially
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affected by left or right VNS. It has also been reported that cardiac
dysfunction in aged zebrafish, as in humans, can be elicited during
periods of stress or exercise, causing a decrease (followed by a rapid
increase) in HR, a slowing of ventricular repolarization, and an in-
crease in the incidence of arrhythmias (Sun et al., 2015). It is
tempting, then, to hypothesize that similar results could be
observed if the VNS parameters were increased to more patho-
physiologic levels, which has been shown previously to induce
shifts in the initiation of electrical activity from the SAN to sec-
ondary pacemaker regions, and is associated with an increase in
arrhythmias (Stoyek et al., 2016). In terms of contractility, in the
current study our measurements assessed the rate of contraction
and relaxation only, and it is possible that measurements of force
generation could provide further insights. Together the results of
these studies suggest that despite a process of cardiac aging similar
to human andmammals, the zebrafishmay able tomaintain cardiac
function, a potentially interesting feature that srequires further
investigation in future studies.

4.5. Species-specific considerations

The current study raises a potential limitation of the use of
zebrafish for studying the cardiac ageing process in general, as we
observed few changes in the cardiac function of our ‘aged’ group
(24 mpf). Given the reported average lifespan of zebrafish (~36 mpf
(Gerhard, 2003)), it is possible that: 1) age-associated declines in
cardiac function occur very gradually over the entire life of the
zebrafish, as has been described for other senescence processes
(Kishi et al., 2003; Kishi, 2004) and may be masked by variability or
2) the onset of age-associated decline occurs later than 24mpf (and
perhaps very rapidly), highlighting the need to study zebrafish at
later stages. If the second is true, then this raises the question as to
whether there is a benefit to using zebrafish over mice, which have
a shorter average lifespan (~50% mortality at 24 mpf which is
similar to an 85 year old human; see review in Keller and Howlett,
2016), for studies of ageing. It may perhaps be better to consider
other fish species, such as the killifish, which demonstrates a very
rapid ageing process (~4e6 mean month lifespan; see review in
Gerhard, 2007), and would this offer a temporally high-throughput
model compared to zebrafish, mice, or other animal models
(although it is worth noting that with such a rapid ageing process,
mechanisms of senescence may differ compared to other species).

5. Conclusion

There is now ample evidence that age-associated changes in
cardiac structure and function occur in mammalian models and
humans. While studies performed in isolated cardiomyocytes have
produced valuable insights at the molecular and cellular level, in-
teractions and effects at the level of the whole heart may differ.
Understanding effects at the systems level is important for
explaining the development of CVD with age and developing novel
strategies for its treatment and prevention. The zebrafish repre-
sents a potentially powerful model for ageing studies, as it can
model various cardiac pathologies, it is easily genetically modified,
and it is a relatively low cost and high-throughput option. The re-
sults of the present study imply that there are likely both direct
myocyte and neurally-mediated effects of ageing on cardiac func-
tion in the zebrafish. While the use of the isolated zebrafish heart
may in some ways be an oversimplification in terms of addressing
the broadly integrated mechanisms underlying age-associated
cardiac alterations in humans, we argue that the many benefits of
the zebrafish model make it a useful addition to the toolbox for the
study of cardiac ageing. The basic knowledge arising from the ex-
periments described in the current study provide a baseline for
further investigations into the mechanisms involved in age-
associated changes in cardiac structure and function and the
identification of potentially novel factors that may then be trans-
lated to mammals.

Editors' note

Please see also related communications in this issue by
Dvornikov et al. (2018) and Rayani et al. (2018).

Disclosure

In relation to the research contained within this manuscript the
authors declare no conflicts of interest, financial or otherwise.

Author contributions

M.R.S. and T.A.Q.: conception and design of experiments,
collection, analysis and interpretation of data. E.A.R-Z.: collection
and analysis of electron tomography and histology data. All authors
contributed to drafting and revision of the manuscript. The work
was done in the laboratory of T.A.Q. at Dalhousie University. All
authors approved of the final version for publication.

Funding

This work was supported by the Natural Sciences and Engi-
neering Research Council of Canada (RGPIN-2016-04879 to T.A.Q.),
the Canadian Institutes of Health Research (MOP 342562 to T.A.Q.),
the Canada Foundation for Innovation and Nova Scotia Research
and Innovation Trust (project number 32962 to T.A.Q.), and the
Dalhousie Medical Research Foundation and German Research
Foundation (Emmy Noether Fellowship to E.A.R-Z). TAQ is a Na-
tional New Investigator of the Heart and Stroke Foundation of
Canada.

Acknowledgements

The authors wish to thank the staff of the Zebrafish Core Facility
at Dalhousie University for their support, and Max Giese (Institute
for Experimental Cardiovascular Medicine, University of Freiburg)
for performing the tissue sectioning and for histology
investigations.

References

Akiyama, T., Yamazaki, T., 2001. Effects of right and left vagal stimulation on left
ventricular acetylcholine levels in the cat. Acta Physiol. Scand. 172, 11e16.

Amory, D.W., West, T.C., 1962. Chronotropic response following direct electrical
stimulation of the isolated sinoatrial node: a pharmacologic evaluation.
J. Pharmacol. Exp. Therapeut. 137, 14e23.

Ardell, J.L., Andresen, M.C., Armour, J.A., Billman, G.E., Chen, P.S., Foreman, R.D.,
Herring, N., O'leary, D.S., Sabbah, H.N., Schultz, H.D., Sunagawa, K., 2016.
Translational neurocardiology: preclinical models and cardioneural integrative
aspects. J. Physiol. (London) 594, 3877e3909.

Ardell, J.L., Cardinal, R., Beaumont, E., Vermeulen, M., Smith, F.M., Armour, J.A., 2014.
Chronic spinal cord stimulation modifies intrinsic cardiac synaptic efficacy in
the suppression of atrial fibrillation. Auton Neurosci-Basic 186, 38e44.

Ardell, J.L., Randall, W.C., 1986. Selective vagal innervation of sinoatrial and atrio-
ventricular nodes in canine heart. Am J Physiol eHeart C 251, H764eH773.

Armour, J.A., 2008. Potential clinical relevance of the ‘little brain’on the mammalian
heart. Exp. Physiol. 93, 165e176.

Bernacki, G.M., Bahrainy, S., Caldwell, J.H., Levy, W.C., Link, J.M., Stratton, J.R., 2016.
Assessment of the effects of age, gender, and exercise training on the cardiac
sympathetic nervous system using positron emission tomography imaging.
J Gerontol A - Bio 71, 1195e1201.

Blinder, K., Moore, C., Johnson, T., John Massari, V., 2007. Central control of atrio
ventricular conduction and left ventricular contractility in the cat heart: syn-
aptic interactions of vagal preganglionic neurons in the nucleus ambiguus with
neuropeptideY-immunoreactive nerve terminals. Auton Neurosci - Basic 131,

http://refhub.elsevier.com/S0079-6107(18)30123-8/sref1
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref1
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref1
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref2
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref2
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref2
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref2
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref3
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref3
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref3
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref3
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref3
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref4
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref4
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref4
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref4
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref5
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref5
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref5
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref5
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref6
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref6
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref6
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref7
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref7
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref7
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref7
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref7
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref8
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref8
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref8
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref8


M.R. Stoyek et al. / Progress in Biophysics and Molecular Biology 138 (2018) 91e104 103
57e64.
Blinder, K.J., Johnson, T.A., Massari, V.J., 1998. Negative inotropic vagal preganglionic

neurons in the nucleus ambiguus of the cat: neuroanatomical comparison with
negative chronotropic neurons utilizing dual retrograde tracers. Brain Res. 804,
325e330.

Bovo, E., Dvornikov, A.V., Mazurek, S.R., de Tombe, P.P., Zima, A.V., 2013. Mecha-
nisms of Ca2þ handling in zebrafish ventricular myocytes. Pflug Archiv Eur J
Phys. 465, 1775e1784.

Boyd, A.C., Schiller, N.B., Leung, D., Ross, D.L., Thomas, L., 2011. Atrial dilation and
altered function are mediated by age and diastolic function but not before the
eighth decade. J. Am. Coll. Cardiol. 4, 234e242.

Brandenburg, S., Arakel, E.C., Schwappach, B., Lehnart, S.E., 2016. The molecular and
functional identities of atrial cardiomyocytes in health and disease. BBA e Mol
Cell Res. 1863, 1882e1893.

Burnstock, G., 1990. Changes in expression of autonomic nerves in aging and dis-
ease. J. Auton. Nerv. Syst. 1, S25eS34.

Chadda, K.D., Banka, V.S., Bodenheimer, M.M., Helfant, R.H., 1975. Corrected sinus
node recovery time. Experimental physiologic and pathologic determinants.
Circulation 51, 797e801.

Chaudhari, G.H., Chennubhotla, K.S., Chatti, K., Kulkarni, P., 2013. Optimization of
the adult zebrafish ECG method for assessment of drug-induced QTc prolon-
gation. J. Pharmacol. Toxicol. 67, 115e120.

Chen, W., Frangogiannis, N.G., 2010. The role of inflammatory and fibrogenic
pathways in heart failure associated with aging. Heart Fail. Rev. 15, 415e422.

Cheng, Z., Zhang, H., Guo, S.Z., Wurster, R., Gozal, D., 2004. Differential control over
postganglionic neurons in rat cardiac ganglia by NA and DmnX neurons:
anatomical evidence. Am J Physiol e Reg I 286, R625eR633.

Chiao, Y.A., Lakatta, E., Ungvari, Z., Dai, D.F., Rabinovitch, P., 2016. Cardiovascular
disease and aging. In: Advances in Geroscience. Springer, Cham, pp. 121e160.

Choudhury, M., Boyett, M.R., Morris, G.M., 2015. Biology of the sinus node and its
disease. Arrhythmia Electrophysiol. Rev. 4, 28e34.

Cooper, T.K., Spitsbergen, J.M., 2016. Valvular and mural endocardiosis in aging
zebrafish (Danio rerio). Vet. Pathol. 53, 504e509.

De Marneffe, M., Jacobs, P., Haardt, R., Englert, M., 1986. Variations of normal sinus
node function in relation to age: role of autonomic influence. Eur. Heart J. 7,
662e672.

Dhingra, R.C., Rosen, K.M., Rahimtoola, S.H., 1973. Normal conduction intervals and
responses in sixty-one patients using His bundle recording and atrial pacing.
Chest 64, 55e59.

Dobrzynski, H., Boyett, M.R., Anderson, R.H., 2007. New insights into pacemaker
activity: promoting understanding of sick sinus syndrome. Circulation 115,
1921e1932.

Dun, W., Boyden, P.A., 2009. Aged atria: electrical remodeling conducive to atrial
fibrillation. J. Intervent. Card Electrophysiol. 25, 9e18.

Dvornikov, Alexey V., de Tombe, Pieter P., Xu, Xiaolei, 2018. Phenotyping cardio-
myopathy in adult zebrafish. Prog. Biophys. Mol. Biol. 138, 116e125.

Esler, M.D., Turner, A.G., Kaye, D.M., Thompson, J.M., Kingwell, B.A., Morris, M.,
Lambert, G.W., Jennings, G.L., Cox, H.S., Seals, D.R., 1995. Aging effects on human
sympathetic neuronal function. Am J Physiol e Reg I 268, R278eR285.

Fares, E., Howlett, S.E., 2010. Effect of age on cardiac excitationecontraction
coupling. Clin. Exp. Pharmacol. Physiol. 37, 1e7.

Feridooni, H.A., Dibb, K.M., Howlett, S.E., 2015. How cardiomyocyte excitation,
calcium release and contraction become altered with age. J. Mol. Cell. Cardiol.
83, 62e72.

Feridooni, H.A., Kane, A.E., Ayaz, O., Boroumandi, A., Polidovitch, N., Tsushima, R.G.,
Rose, R.A., Howlett, S.E., 2017. The impact of age and frailty on ventricular
structure and function in C57BL/6J mice. J. Physiol. (London) 595, 3721e3742.

Fleg, J.L., Strait, J., 2012. Age-associated changes in cardiovascular structure and
function: a fertile milieu for future disease. Heart Fail. Rev. 17, 545e554.

Gerhard, G.S., Cheng, K.C., 2002. A call to fins! Zebrafish as a gerontological model.
Aging Cell 1, 104e111.

Gerhard, G.S., Kauffman, E.J., Wang, X., Stewart, R., Moore, J.L., Kasales, C.J.,
Demidenko, E., Cheng, K.C., 2002. Life spans and senescent phenotypes in two
strains of Zebrafish (Danio rerio). Exp. Gerontol. 37, 1055e1068.

Gerhard, G.S., 2003. Comparative aspects of zebrafish (Danio rerio) as a model for
aging research. Exp. Gerontol. 38, 1333e1341.

Gilbert, M.J., Zerulla, T.C., Tierney, K.B., 2014. Zebrafish (Danio rerio) as a model for
the study of aging and exercise: physical ability and trainability decrease with
age. Exp. Gerontol. 50, 106e113.

Goette, A., Juenemann, G., Peters, B., Klein, H.U., Roessner, A., Huth, C., R€ocken, C.,
2002. Determinants and consequences of atrial fibrosis in patients undergoing
open heart surgery. Cardiovasc. Res. 54, 390e396.

Gut, P., Reischauer, S., Stainier, D.Y., Arnaout, R., 2017. Little fish, big data: zebrafish
as a model for cardiovascular and metabolic disease. Physiol. Rev. 97, 889e938.

Henning, R.J., Feliciano, L., Coers, C.M., 1996. Vagal nerve stimulation increases right
ventricular contraction and relaxation and heart rate. Cardiovasc. Res. 32,
846e853.

Herrera, M., Jagadeeswaran, P., 2004. Annual fish as a genetic model for aging.
J Gerontol A - Biol. 59, B101eB107.

Hirsh, B.J., Copeland-Halperin, R.S., Halperin, J.L., 2015. Fibrotic atrial cardiomyop-
athy, atrial fibrillation, and thromboembolism: mechanistic links and clinical
inferences. J. Am. Coll. Cardiol. 65, 2239e2251.

Horn, M.A., Trafford, A.W., 2016. Aging and the cardiac collagen matrix: novel
mediators of fibrotic remodelling. J. Mol. Cell. Cardiol. 93, 175e185.

Howlett, S.E., 2015. Assessment of frailty in animal models. In: Frailty in Aging, vol.
41. Karger Publishers, pp. 15e25.
Hu, N., Yost, H.J., Clark, E.B., 2001. Cardiac morphology and blood pressure in the

adult zebrafish. Anat. Rec. 264, 1e2.
Jansen, H.J., Moghtadaei, M., Mackasey, M., Rafferty, S.A., Bogachev, O., Sapp, J.L.,

Howlett, S.E., Rose, R.A., 2017. Atrial structure, function and arrhythmogenesis
in aged and frail mice. Sci Rep - UK 7, 44336.

Jones, S.A., 2006. Ageing to arrhythmias: conundrums of connections in the ageing
heart. J. Pharm. Pharmacol. 58, 1571e1576.

Kaye, D., Esler, M., 2005. Sympathetic neuronal regulation of the heart in aging and
heart failure. Cardiovasc. Res. 66, 256e264.

Kaye, D.M., Esler, M.D., 2008. Autonomic control of the aging heart. Neuromol Med
10, 179e186.

Keller, E.T., Keller, J.M., Gillespie, G., 2006. The use of mature zebrafish (Danio rerio)
as a model for human aging and disease. In: Handbook of Models for Human
Aging, pp. 309e316.

Keller, E.T., Murtha, J.M., 2004. The use of mature zebrafish (Danio rerio) as a model
for human aging and disease. Comp. Biochem. Physiol. C 138, 335e341.

Keller, K.M., Howlett, S.E., 2016. Sex differences in the biology and pathology of the
aging heart. Can. J. Cardiol. 32, 1065e1073.

Kishi, S., Uchiyama, J., Baughman, A.M., Goto, T., Lin, M.C., Tsai, S.B., 2003. The
zebrafish as a vertebrate model of functional aging and very gradual senes-
cence. Exp. Gerontol. 38, 777e786.

Lakatta, E.G., 2003. Arterial and cardiac aging: major shareholders in cardiovascular
disease enterprises: Part III: cellular and molecular clues to heart and arterial
aging. Circulation 107, 490e497.

Lange, G., 1965. Action of driving stimuli from intrinsic and extrinsic sources on in
situ cardiac pacemaker tissues. Circ. Res. 17, 449e459.

Larson, E.D., Clair, J.R., Sumner, W.A., Bannister, R.A., Proenza, C., 2013. Depressed
pacemaker activity of sinoatrial node myocytes contributes to the age-
dependent decline in maximum heart rate. Proc. Natl. Acad. Sci. U.S.A. 110,
18011e18016.

Lewis, M.E., Al-Khalidi, A.H., Bonser, R.S., Clutton-Brock, T., Morton, D., Paterson, D.,
Townend, J.N., Coote, J.H., 2001. Vagus nerve stimulation decreases left ven-
tricular contractility in vivo in the human and pig heart. J. Physiol. (London)
534, 547e552.

Lin, E., Craig, C., Lamothe, M., Sarunic, M.V., Beg, M.F., Tibbits, G.F., 2015. Con-
struction and use of a zebrafish heart voltage and calcium optical mapping
system, with integrated electrocardiogram and programmable electrical stim-
ulation. Am J Physiol e Reg I 308, R755eR768.

Lin, E., Ribeiro, A., Ding, W., Hove-Madsen, L., Sarunic, M.V., Beg, M.F., Tibbits, G.F.,
2014. Optical mapping of the electrical activity of isolated adult zebrafish
hearts: acute effects of temperature. Am J Physiol e Reg I 306, R823eR836.

MacDonald, E.A., Stoyek, M.R., Rose, R.A., Quinn, T.A., 2017. Intrinsic regulation of
sinoatrial node function and the zebrafish as a model of stretch effects on
pacemaking. Prog. Biophys. Mol. Biol. 130, 198e211.

McCraty, R., Shaffer, F., 2015. Heart rate variability: new perspectives on physio-
logical mechanisms, assessment of self-regulatory capacity, and health risk.
Glob Adv Health Med 4, 46e61.

Mirza, M., Strunets, A., Shen, W.K., Jahangir, A., 2012. Mechanisms of arrhythmias
and conduction disorders in older adults. Clin. Geriatr. Med. 28, 555e573.

Moghtadaei, M., Jansen, H.J., Mackasey, M., Rafferty, S.A., Bogachev, O., Sapp, J.L.,
Howlett, S.E., Rose, R.A., 2016. The impacts of age and frailty on heart rate and
sinoatrial node function. J. Physiol. (London) 594, 7105e7126.

Monfredi, O., Boyett, M.R., 2015. Sick sinus syndrome and atrial fibrillation in older
persons e a view from the sinoatrial nodal myocyte. J. Mol. Cell. Cardiol. 83,
88e100.

Monfredi, O., Dobrzynski, H., Mondal, T., Boyett, M.R., Morris, G.M., 2010. The
anatomy and physiology of the sinoatrial nodeda contemporary review. PACE
(Pacing Clin. Electrophysiol.) 33, 1392e1406.

Narula, O.S., Samet, P., Javier, R.P., 1972. Significance of the sinus-node recovery
time. Circulation 45, 140e158.

Nemtsas, P., Wettwer, E., Christ, T., Weidinger, G., Ravens, U., 2010. Adult zebrafish
heart as a model for human heart? An electrophysiological study. J. Mol. Cell.
Cardiol. 48, 161e171.

Nishimura, M., Ocorr, K., Bodmer, R., Cartry, J., 2011. Drosophila as a model to study
cardiac aging. Exp. Gerontol. 46, 326e330.

Ocorr, K., Akasaka, T., Bodmer, R., 2007a. Age-related cardiac disease model of
Drosophila. Mech. Ageing Dev. 128, 112e116.

Ocorr, K., Perrin, L., Lim, H.Y., Qian, L., Wu, X., Bodmer, R., 2007b. Genetic control of
heart function and aging in Drosophila. Trends Cardiovasc. Med. 17, 177e182.

Qu, Y., Boutjdir, M., 2001. Gene expression of SERCA2a and L-and T-type Ca channels
during human heart development. Pediatr. Res. 50, 569e574.

Quinn, T.A., Camelliti, P., Rog-Zielinska, E.A., Siedlecka, U., Poggioli, T., O'Toole, E.T.,
Kn€opfel, T., Kohl, P., 2016. Electrotonic coupling of excitable and nonexcitable
cells in the heart revealed by optogenetics. P Natl Acad Sci USA 113,
14852e14857.

Quinn, T.A., Granite, S., Allessie, M.A., Antzelevitch, C., Bollensdorff, C., Bub, G.,
Burton, R.A., Cerbai, E., Chen, P.S., Delmar, M., Difrancesco, D., Earm, Y.E.,
Efimov, I.R., Egger, M., Entcheva, E., Fink, M., Fischmeister, R., Franz, M.R.,
Garny, A., Giles, W.R., Hannes, T., Harding, S.E., Hunter, P.J., Iribe, G., Jalife, J.,
Johnson, C.R., Kass, R.S., Kodama, I., Koren, G., Lord, P., Markhasin, V.S.,
Matsuoka, S., McCulloch, A.D., Mirams, G.R., Morley, G.E., Nattel, S., Noble, D.,
Olesen, S.P., Panfilov, A.V., Trayanova, N.A., Ravens, U., Richard, S.,
Rosenbaum, D.S., Rudy, Y., Sachs, F., Sachse, F.B., Saint, D.A., Schotten, U.,
Solovyova, O., Taggart, P., Tung, L., Varro, A., Volders, P.G., Wang, K., Weiss, J.N.,

http://refhub.elsevier.com/S0079-6107(18)30123-8/sref8
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref8
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref9
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref9
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref9
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref9
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref9
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref10
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref10
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref10
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref10
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref10
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref11
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref11
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref11
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref11
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref12
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref12
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref12
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref12
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref12
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref13
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref13
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref13
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref14
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref14
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref14
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref14
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref15
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref15
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref15
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref15
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref16
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref16
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref16
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref17
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref17
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref17
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref17
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref17
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref18
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref18
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref18
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref19
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref19
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref19
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref20
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref20
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref20
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref21
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref21
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref21
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref21
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref22
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref22
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref22
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref22
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref23
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref23
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref23
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref23
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref24
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref24
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref24
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref97
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref97
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref97
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref25
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref25
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref25
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref25
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref25
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref26
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref26
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref26
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref26
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref27
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref27
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref27
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref27
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref28
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref28
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref28
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref28
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref29
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref29
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref29
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref30
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref30
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref30
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref31
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref31
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref31
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref31
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref32
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref32
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref32
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref33
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref33
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref33
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref33
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref34
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref34
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref34
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref34
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref34
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref35
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref35
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref35
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref36
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref36
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref36
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref36
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref37
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref37
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref37
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref38
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref38
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref38
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref38
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref39
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref39
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref39
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref40
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref40
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref40
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref41
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref41
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref41
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref42
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref42
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref42
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref43
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref43
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref43
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref44
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref44
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref44
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref45
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref45
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref45
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref46
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref46
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref46
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref46
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref47
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref47
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref47
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref48
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref48
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref48
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref49
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref49
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref49
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref49
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref50
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref50
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref50
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref50
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref51
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref51
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref51
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref52
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref52
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref52
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref52
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref52
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref53
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref53
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref53
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref53
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref53
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref54
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref54
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref54
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref54
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref54
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref54
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref55
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref55
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref55
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref55
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref55
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref56
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref56
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref56
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref56
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref57
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref57
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref57
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref57
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref58
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref58
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref58
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref59
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref59
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref59
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref59
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref60
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref60
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref60
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref60
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref60
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref61
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref61
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref61
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref61
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref61
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref62
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref62
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref62
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref63
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref63
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref63
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref63
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref64
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref64
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref64
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref65
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref65
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref65
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref66
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref66
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref66
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref67
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref67
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref67
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref68
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref68
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref68
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref68
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref68
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref68
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref69
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref69
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref69
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref69
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref69
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref69
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref69
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref69
http://refhub.elsevier.com/S0079-6107(18)30123-8/sref69


M.R. Stoyek et al. / Progress in Biophysics and Molecular Biology 138 (2018) 91e104104
Wettwer, E., White, E., Wilders, R., Winslow, R.L., Kohl, P., 2011. Minimum In-
formation about a Cardiac Electrophysiology Experiment (MICEE): standardised
reporting for model reproducibility, interoperability, and data sharing. Prog.
Biophys. Mol. Biol. 107, 4e10.

Rayani, Kaveh, Lin, Eric, Craig, Calvin, Lamothe, Marcel, Shafaattalab, Sanam,
Gunawan, Marvin, Yueh Li, Alison, Hove-Madsen, Leif, Tibbits, Glen F., 2018.
Zebrafish as a model of mammalian cardiac function: Optically mapping the
interplay of temperature and rate on voltage and calcium dynamics. Prog.
Biophys. Mol. Biol. 138, 69e90.

Reffelmann, T., Kloner, R.A., 2003. Transthoracic echocardiography in rats Evalution
of commonly used indices of left ventricular dimensions, contractile perfor-
mance, and hypertrophy in a genetic model of hypertrophic heart failure
(SHHF-Mcc-fa cp-Rats) in comparison with Wistar rats during aging. Basic Res.
Cardiol. 98, 275e284.

Rengo, G., Pagano, G., Vitale, D.F., Formisano, R., Komici, K., Petraglia, L., Parisi, V.,
Femminella, G.D., De Lucia, C., Paolillo, S., Cannavo, A., 2016. Impact of aging on
cardiac sympathetic innervation measured by 123 I-mIBG imaging in patients
with systolic heart failure. Eur. J. Nucl. Med. Mol. Imag. 43, 2392e2400.

Rog-Zielinska, E.A., Johnston, C.M., O'Toole, E.T., Morphew, M., Hoenger, A., Kohl, P.,
2016. Electron tomography of rabbit cardiomyocyte three-dimensional ultra-
structure. Prog. Biophys. Mol. Biol. 121, 77e84.

Rottbauer, W., Baker, K., Wo, Z.G., Mohideen, M.A., Cantiello, H.F., Fishman, M.C.,
2001. Growth and function of the embryonic heart depend upon the cardiac-
specific L-type calcium channel alpha1 subunit. Dev. Cell 1, 265e275.

Sakata, K., Iida, K., Mochizuki, N., Ito, M., Nakaya, Y., 2009. Physiological changes in
human cardiac sympathetic innervation and activity assessed by 123I-Meta-
iodobenzylguanidine (MIBG) imaging. Circ. J. 73, 310e315.

Schwerte, T., Prem, C., Mair€osl, A., Pelster, B., 2006. Development of the sympatho-
vagal balance in the cardiovascular system in zebrafish (Danio rerio) charac-
terized by power spectrum and classical signal analysis. J. Exp. Biol. 209,
1093e1100.

Shiels, H.A., Sitsapesan, R., 2015. Is there something fishy about the regulation of the
ryanodine receptor in the fish heart? Exp. Physiol. 100, 1412e1420.

Smith, F.M., 1999. Extrinsic inputs to intrinsic neurons in the porcine heart in vitro.
Am J Physiol eReg I 276, R455eR467.

Stainier, D.Y., Fouquet, B., Chen, J.N., Warren, K.S., Weinstein, B.M., Meiler, S.E.,
Mohideen, M.A., Neuhauss, S.C., Solnica-Krezel, L., Schier, A.F., Zwartkruis, F.,
1996. Mutations affecting the formation and function of the cardiovascular
system in the zebrafish embryo. Development 123, 285e292.

Steele, S.L., Lo, K.H., Li, V.W., Cheng, S.H., Ekker, M., Perry, S.F., 2009. Loss of M2
muscarinic receptor function inhibits development of hypoxic bradycardia and
alters cardiac b-adrenergic sensitivity in larval zebrafish (Danio rerio). Am J of
Physiol - Regulatory I 297, R412eR420.

Steele, S.L., Yang, X., Debiais-Thibaud, M., Schwerte, T., Pelster, B., Ekker, M.,
Tiberi, M., Perry, S.F., 2011. In vivo and in vitro assessment of cardiac b-
adrenergic receptors in larval zebrafish (Danio rerio). J. Exp. Biol. 214,
1445e1457.

Stotler, W.A., McMahon, R.A., 1947. The innervation and structure of the conductive
system of the human heart. J. Comp. Neurol. 87, 57e83.

Stoyek, M.R., Croll, R.P., Smith, F.M., 2015. Intrinsic and extrinsic innervation of the
heart in zebrafish (Danio rerio). J. Comp. Neurol. 523, 1683e1700.

Stoyek, M.R., Quinn, T.A., Croll, R.P., Smith, F.M., 2016. Zebrafish heart as a model to
study the integrative autonomic control of pacemaker function. Am J Physiol -
Heart C 311, H676eH688.

Stoyek, M.R., Schmidt, M.K., Wilfart, F.M., Croll, R.P., Smith, F.M., 2017. The in vitro
zebrafish heart as a model to investigate the chronotropic effects of vapor an-
esthetics. Am J Physiol -Reg I 313, R669eR679.

Strait, J.B., Lakatta, E.G., 2012. Aging-associated cardiovascular changes and their
relationship to heart failure. Heart Fail. Clin. 8, 143e164.

Sun, Y., Fang, Y., Xu, X., Lu, G., Chen, Z., 2015. Evidence of an association between
age-related functional modifications and pathophysiological changes in
zebrafish heart. Gerontology 61, 435e447.

Susaki, E.A., Tainaka, K., Perrin, D., Kishino, F., Tawara, T., Watanabe, T.M.,
Yokoyama, C., Onoe, H., Eguchi, M., Yamaguchi, S., Abe, T., 2014. Whole-brain
imaging with single-cell resolution using chemical cocktails and computational
analysis. Cell 157, 726e739.

Taneja, T., Windhagen Mahnert, B., Passman, R.O., Goldberger, J., Kadish, A., 2001.
Effects of sex and age on electrocardiographic and cardiac electrophysiological
properties in adults. PACE (Pacing Clin. Electrophysiol.) 24, 16e21.
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