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Bird cardiomyocytes are long, thin and lack transverse (t)-tubules, which is akin
to the cardiomyocyte morphology of ectothermic non-avian reptiles, who are
typified by low maximum heart rates and low pressure development. However,
birds can achieve greater contractile rates and developed pressures than mam-
mals, whose wide cardiomyocytes contain a dense t-tubular network allowing
for uniform excitation—contraction coupling and strong contractile force. To
address this apparent paradox, this paper functionally links recent electro-
physiological studies on bird cardiomyocytes with decades of ultrastructure
measurements. It shows that it is the strong transsarcolemmal Ca** influx via
the L-type Ca®* current (Ic,) and the high gain of Ca**-induced Ca®" release
from the sarcoplasmic reticulum (SR), coupled with an internal SR Ca** release
relay system, that facilitates the strong fast contractions in the long thin bird
cardiomyocytes, without the need for t-tubules. The maintenance of an
elongated myocyte morphology following the post-hatch transition from
ectothermy to endothermy in birds is discussed in relation to cardiac load,
myocyte ploidy, and cardiac regeneration potential in adult cardiomyocytes.
Overall, the paper shows how little we know about cellular Ca** dynamics
in the bird heart and suggests how increased research efforts in this area
would provide vital information in our quest to understand the role of myocyte
architecture in the evolution of the vertebrate heart.

This article is part of the theme issue “The cardiomyocyte: new revelations
on the interplay between architecture and function in growth, health, and dis-
ease’. Please see glossary at the end of the paper for definitions of specialized
terms.

1. Introduction

Birds and mammals evolved independently approximately 300 Ma from
reptile-like ancestors [1] (figure 1) and both classes have acquired high resting
metabolic rates and endothermy through convergent evolution. The evolution-
ary processes that have led to endothermy in birds and mammals are a matter
of active debate [6-9] including the recent suggestion that whole body
endothermy emerged across multiple and diverse taxa as by-product of
energy balance regulation [10]. Regardless of the evolutionary driver(s) for
endothermy in birds and mammals, a powerful heart is required to satisfy
the high metabolic rates dictated by endothermy [11]. A powerful heart can
deliver high volumes of oxygenated blood to the respiring tissues and provide
the pressure necessary to drive filtration at the kidneys, linking the convergent
evolution of the four-chambered heart and endothermy in birds and mammals.
The anatomical separation of left and right ventricles in birds and mammals
allows the elevation of systemic pressure significantly above pulmonary
pressure thereby providing the necessary convection for highly aerobic tissues,
whilst avoiding the rupture of thin respiratory surfaces [12-14]. The presence of
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Table 1. Comparative morphometric data for vertebrate ventricular myocytes.

lamprey®  zebrafish®  frog  rat

cell length (um) 33 100 3000 1419
cell width (um) 1.9 46 5 320
cell depth (um) — 6.0 — 133

capacitance (pF) 220 26.6 75¢ 289.2
cell volume (pl) 226" 22" 29 344
SA/V ratio (pF/pl) 10 12 258 844
t-tubular system no no no* yes

turtle®  lizard®  snake”  alligator®  turkey"  quail

189.1 151.2 — 140 136 179.3
1.2 5.9 — 5 8.7 83
5.4 5.6 — — — —
424 41.2 18.9 — 259 55.8
23" 23" 0.99™ 14" 13™ 29
183 18.2 19.1 — 19.9 19.2
no no no no no no"

Data are means but s.e.m. (when known) has been left out for clarity. An example from each taxa provided in figure 1 is given here. A dash means no data

are available.

*Lampetra fluviatilis [26].

®Danio reiro [27).

“Rattus norvegicus [28].

dTrachemys scripta scripta [29].

Varanus exanthematicus [30].

nython bivittatus, D. Abramochkin 2021, unpublished observation.

9Alligator mississippiensis, B. Smith, D. Crossley and H. Shiels 2014, unpublished observations.

"Meleagris gallopavo domesticus [31].

'Coturnix japonica [32].

JRana esculenta [33].

%Rana catesbiana [34].

'Derived from cell length and width assuming an elliptical cross-sectional area.
MDerived from cell capacitance (pF) following method of Vornanen [35].
"Coturnix japonica [16).

Figure 1. Schematic of the vertebrate phylogeny with taxa from left to right as
follows: jawless fishes, cartilaginous fishes, teleost fishes, amphibians, mam-
mals, lizards, snakes, turtles, crocodilians, birds. Numbers are estimated the
time since last common ancestor; Ma is million years ago. Adapted from [2-5].

a specialized conduction system [15] and a compact atrial and
ventricular wall architecture is important for the fast atrio-
ventricular conduction and rapid ventricular repolarization
[16,17] of avian and mammalian hearts compared with
those of ectothermic vertebrates (independent of tempera-
ture) [14,15,18]. Indeed, the convergent evolution of rapid/
early repolarization in birds (zebrafinch) and mammals
(mouse) is undoubtably important for achieving the fast
heart rates typical of endotherms [17].

Despite these similarities between mammalian and avian
hearts, there are also differences. When comparing animals of
similar body size, birds have a nearly twofold larger heart
mass than mammals [19-21]. This increases stroke volume
allowing birds to pump more blood per unit time than mam-
mals [22,23]. Birds also have elevated systolic and diastolic
blood pressures compared with similarly sized mammals

[20] meaning that stroke work (the product of stroke
volume and blood pressure) is higher in birds than mammals
[11,21]. Thus, within the two vertebrate groups demonstrat-
ing whole body endothermy, on average the bird heart is
capable of equal or greater output than the mammalian
heart, a feature which may be necessary to support their elev-
ated body temperature (average bird 41°C, average placental
mammal 37°C [22]) and the energetic costs of flight
[7,19,24,25].

Considering the robust cardiac performance of the bird heart,
it is perhaps surprising that the gross morphology of the cardio-
myocytes from which is it comprised, more closely resemble
those of their non-avian reptilian ancestors than those of mam-
mals (table 1 and figure 2). Cardiomyocytes of adult bird
hearts are long (greater than 100 pm) and thin (less than
10 pm) with a small cross-sectional area (approx. 56 pm?) and
a small cell volume (approx. 10 pl), leading to a large surface-
area-to-volume ratio [31,32,36-38] (table 1). This morphology is
similar to the cardiomyocytes of non-avian reptiles, amphibians
and fish (table 1, and see [39]). This spindle/elongated myocyte
morphology (figure 2) is considered ‘sufficient’ for powering the
lower heart rates and lower blood pressures associated with ecto-
thermic taxa [40]. The gross morphology of adult mammalian
ventricular cardiomyocytes is unique across vertebrates. They
are shorter (less than 100 pm) and wider (approx. 25 pm) and
contain a network of transverse (t)-tubules which coordinate
and synchronize excitation—contraction coupling across the
entire volume of these wider cells [41] (figure 2). This ‘brick-
like” morphology develops postnatally with neonatal mamma-
lian ventricular myocytes conforming to the elongated
morphology of ectothermic taxa and then transitioning to the
hypertrophied adult form soon after birth [42] (also see the
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Figure 2. Images of freshly isolated ventricular myocytes from (a) Japanese quail Coturnix japonica as light microscope image (top) [32] and an immunofluorescent
image with sarcomeres delineated with a green probe to ci-actinin and nucleus in red (bottom) [16], (b) varanid lizard Varanus exanthematicus light microscope
image, arrow is pointing to sarcomeric striations (top) and confocal image with the sarcolemmal membrane visible in red (bottom) [30], (c) yellow-bellied turtle
Trachemys scripta scripta light microscope image (top) and confocal image with the sarcolemmal membrane visible in red (bottom) [29]. Photomicrograph image of
a finch (d) and rat (e) cardiomyoctyte used with permission from [36]. In each image the vertical height of the image is 200 um. Scale bar in all other images is

20 pm. (Online version in colour.)

contribution by Birkedal et al. [43] in this special issue). The
hypertrophied adult ventricular myocyte morphology is
thought to underpin the fast and strong contractions required
to power the adult mammalian heart [44]. How then, do the
long, thin, non-tubulated myocytes, characteristic of the slow
and low-powered hearts of ectotherms, drive the enhanced car-
diac performance of birds? This paper will first review the
ultrastructure literature which predicts reconciliation of this
apparent paradox by the remodelling of the subcellular organiz-
ation of calcium (Ca®*) release units (CRUs) within the avian
compared with ectotherm myocyte. The paper will then discuss

the limited functional data on cellular Ca** dynamics from adult
birds to form a working structure-function schema for bird exci-
tation—contraction coupling. Finally, other traits associated with
myocyte architecture will be discussed including volume
regulation of cardiac output, and the apparent trade-off between
myocyte proliferation-potential and polyploidy with cardiac
growth. Rather than being definitive, the paper highlights how
little we know about cellular Ca?* dynamics in the bird heart
and why research in this area is important to understand the
role of myocyte architecture in the evolution of the vertebrate
heart.
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Figure 3. Schematic of the ultrastructural organization of sarcolemmal and SR membrane systems and their couplings in (a) an ectotherm (fish, amphibian, non-
avian reptile) atrial or ventricular myocyte, (b) a bird ventricular myocyte, (c) a mammalian atrial myocyte (N.B. atrial myocytes from large mammals contain t-
tubules [51]), and (d), an adult mammalian ventricular myocyte. Schematic shows sarcolemmal membrane containing L-type Ca** channels (LTCC, red) coupled at
the periphery of the cell to the intracellular junctional SR (jSR) membrane system containing ryanodine receptors (RyRs), which cluster to form calcium release units
(CRUs, pale green). CRUs are shown as a single RyRs for clarity but between 14 and 100 RyRs cluster together to form a CRU depending on the tissue and the
species [38,52]. In (b) and (c) CRUs can also exist in non-junctional SR, as corbular SR (cSR) or extended-junctional SR (ejSR). These central CRUs facilitate the
centripetal propagation of the peripheral Ca®* signal. In (d) peripheral couplings (PCs) form at the surface sarcolemmal and dyadic couplings form along t-tubules
facilitating synchronous Ca®* release throughout the wider myocyte. Ca®* inside the SR is illustrated by blue dots. For dlarity, all other organelles are omitted from
this schematic. Figure is adapted from [39] and amended with permission from Dr Gina Galli (original artist). (Online version in colour.)

2. Myocyte morphology, architecture and
excitation—contraction coupling

The strength and rate of heart contraction is controlled by exci-
tation—contraction coupling and the cycling of Ca®* at the level
of the cardiomyocyte. Excitation—contraction coupling in all
vertebrate myocytes proceeds from the action potential.
Atrial and ventricular action potential waveform and the cor-
responding repolarizing currents (Ix,, Ixs, Iio) have recently
been characterized together for the first time in an adult bird
(Japanese quail) [16]. Resting heart rates for these birds range
between 318 and 530 beats min~! [45,46] which is comparable
to small rodents (mice/rats) and clearly depends on rapid/
early ventricular repolarization [17]. However, the shape of
the quail action potential demonstrates a plateau phase [16]
which is more characteristic of mammals with slower resting
heart rates (guinea pig/rabbit [47]) and fish [48]. The promi-
nent action potential plateau is owing in part to the large
influx of Ca®* (Ic,) through voltage-gated L-type Ca** chan-
nels (LTCCs) in mammals (e.g. rabbit [47]), the quail [32] and
other bird cardiomyocytes [36]. Indeed, a recent comparative
study of cardiomyocyte ionic conductance across vertebrates
shows bird ventricular myocytes have larger current densities
than mammals when measured under similar conditions [49].
In another comparative study, ventricular action potential
waveform across mammals of different sizes/heart rates
showed I, amplitude increased with increased body size.
The authors suggested this reflects constraints imposed by
the maintenance of excitation—contraction coupling in larger

hearts [50]. Extending such studies to birds of different sizes,
and birds with fast heart rates but large amplitude I, would
be very informative.

The Ca®* that enters via LTCCs induces further Ca®*
release from the intracellular stores of the sarcoplasmic reticu-
lum (SR), in a process called Ca**-induced Ca®* release
(CICR). The degree of CICR varies across vertebrates, being
greater in birds and mammals than ectotherms [39]. Ca®* is
released from the SR into the cytosol through ryanodine
receptors (RyRs), which cluster to form structures called
CRUs within junctional regions of the SR membrane (jSR)
(figure 3). Transsarcolemmal Ca** influx and SR Ca®" release
together form the rising phase of the cytosolic Ca®* transient
which activates the contraction of the myofilaments. Myocyte
contraction ends when cytosolic Ca** levels fall owing to
Ca®" being removed from the cell via the sarcolemmal Na*-
Ca”" exchanger and being pumped back into the SR by
sarco(endo)plasmic reticulum Ca®* ATPase (SERCA) pumps
located in the non-junctional or ‘free’(f) regions of the SR
membrane.

The relative importance of transsarcolemmal-derived Ca**
versus SR-derived Ca** in generating the Ca’* transient varies
across vertebrates with the relative proportion of the former
generally dominating in ectotherms, and the latter generally
dominating in adult endotherms (see [39] for review). The
large surface-area-to-volume ratio of the bird cardiomyocyte
(table 1, figure 2 and [16,32]) means transsarcolemmal Ca**
influx can rapidly raise intracellular Ca®" levels in the periph-
ery of the thin cardiomyocyte, in-line with observations from
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ectothermic vertebrates [39,53]. However, unlike most ecto-
thermic vertebrates, excitation-contraction coupling in birds
also relies heavily on SR Ca** release [16,32] which amplifies
the transsarcolemmal Ca** signal through CICR leading to
stronger faster contractions [32].

Ca®* diffusion is too slow to activate a coordinated and
synchronized release of SR Ca*" across the wider mammalian
myocyte [54]. Adult mammalian ventricular myocytes get
around this problem by having a t-tubule network comprised
of invaginated surface sarcolemma which brings LTCCs into
apposition with more centrally located SR membranes con-
taining CRUs forming couplings called dyads [51,55-58].
The extent of the t-tubular network in mammalian atrial
and ventricular myocytes depends on myocyte width (or
cross-sectional area) reinforcing the role morphological archi-
tecture has on the organization of cellular Ca** cycling. The
t-tubular network is mostly absent in narrow spindle-
shaped sinoatrial nodal cells [59] and in narrow atrial cells
of rodents and small mammals, but it is present in the
wider atrial myocytes of larger mammals (e.g. horse, cow,
human [41,51,60]). Thus, it cannot be excluded that t-tubules
exist in very large bodied birds; however, they are not found
in the myocytes from the turkey [31]. T-tubules are present in
all adult mammalian ventricular myocytes where they
govern temporal and spatial properties of the ventricular
Ca®* transient [41,51,57]. They are absent in developing and
neonatal mammalian hearts. As the size of the myocyte
grows postnatally to facilitate heart growth, t-tubules
appear coincident with increased SR complexity, forming
dyadic couplings and facilitating stronger contractility [61].
Bird cardiomyocytes do not hypertrophy during post-hatch
development, rather the narrow, elongated architecture per-
sists but is associated with changes in the intracellular
architecture of CRUs within the SR membrane. An increase
in the amount and structural organization of internal CRUs
has been documented via electron microscopy at hatch and
during post-hatch growth in sparrow [62] and chicken heart
[63] and is concomitant with an increased reliance on SR
cycling [64].

(a) Peripheral and non-peripheral couplings and (@**
release from the sarcoplasmic reticulum

CICR can only occur when LTCCs in the sarcolemmal mem-
brane and CRUs in the SR membrane are in close apposition
forming couplings [61,65] (figure 3). All vertebrate myocytes
have ‘peripheral couplings’ (PCs) (e.g. rabbit [66], chicken
[38,63], finch [65], anole lizard [67], frog [68] and fish [69])
comprised of CRUs in the peripheral jSR, directly opposed
to sarcolemmal LTCCs [61,65] (figure 3). Ca?* released from
the SR at these PCs must diffuse centripetally to activate
the myofilaments and to initiate the release of more centrally
located CRUs. In ectotherm myocytes (i.e. fishes (rainbow
trout [70]) and anole lizard [65]), this occurs slowly despite
their thin morphology, as the peripheral Ca** signal falls
rapidly the further it travels from the periphery [70]. Here,
Ca®" is taken up by peripherally located myofilaments
[35,69,71] and adjacent mitochondria (see the contribution
by Birkedal et al. [43] in this special issue), or can be buffered
in the cytosol [72]. Bird myocytes [73] and mammalian atrial
myocytes [60,74] limit this attrition of the Ca®" signal by
having a large number of centrally located (i.e. non-periph-
eral) CRUs, formed in a region of the SR membrane known

as the corbular SR (cSR). These central ¢SR RyR clusters are
not associated with the surface sarcolemma [75], rather they
are associated with the z-line [38,55,73] and are activated
by Ca®" released at the periphery or by Ca®* released by
neighbouring ¢SR CRUs. These central CRUs contribute to
the global Ca®" transient [55,61] and underpin excitation—
contraction coupling in the absence of a t-tubule network in
bird [38,65] and non-tubulated mammalian atrial myocytes
[60,74,76].

Myocytes from birds with fast heart rates like finch
and hummingbird have another type of SR membrane coup-
ling system called extended-junctional SR (ejSR) [73,77]
(figure 3b) that is not observed in chicken or mammalian
heart [78]. The €jSR extends centripetally either continuously
or discontinuously from PCs along the z-lines and contain
closely packed CRUs that are thought to serve as a fast con-
duit for intracellular Ca** release in a manner analogous to
the CRUs in the ¢SR [55,73,77]. The development of more
extensive CRU organization in birds with faster (finch, hum-
mingbird [73], sparrow [62]) compared with slower (chicken
[73], ratite [78]) heart rates clearly illustrates the importance
of architecture for function. Indeed, this point was eloquently
summarized by Sommer in 1995: ‘The geometry of the SR in
striated muscle is crucial for excitation—contraction coupling.
It determines the vectors and time course of effective calcium
displacements’ [62, p. 24]. An ultrastructure study of the tina-
mou cardiomyocyte would be fascinating in this regard.
Tinamous are a basal bird lineage with limited flapping-
flight capability, low aerobic capacity and the smallest
heart-mass-relative-to-body-mass of any bird [25,79].

(b) Importance of subcellular organization of Ca*t

release units

The idea that coupling of the Ca** signal from PCs to centrally
located CRUs are key to strong and fast contractions in birds
was first suggested by Jewett and Sommer more than 40
years ago [73] (and see [62]) and is supported by a host of com-
parative ultrastructure studies in birds (e.g. [63,65,73,77,78,80]).
The location and frequency of CRUs within the SR are key for
understanding the rate and strength of the propagating Ca**
signal which determines the synchrony of excitation-contrac-
tion coupling [55,61,81]. The distance between PCs is
probably too great for lateral activation along the sarcolemmal
membrane of neighbouring PCs in most animals including
birds and large bodied mammals, meaning that the
peripheral Ca®* signal moves centripetally (not laterally) to
activate CRUs [65,76]. Recent simulation showed that at dis-
tances of 250 nm or greater, there was no impact of changing
the distance between PCs on the activation of the cellular
Ca*" signal [38]. A few measurements of distances less than
250 nm between PCs have been observed in finch but not in
the chicken heart [38,55,65] and thus perhaps at shorter dis-
tances, PC spacing in the sarcolemmal membrane could
influence rate and strength of excitation—contraction coupling.
Indeed, in rat atrial and ventricular myocytes PCs less than
100 nm apart have been documented to allow lateral propa-
gation of the Ca®* signal [82].

The z-lines of the sarcomere form the backbone of
myofilament contraction and studies across birds show
€jSR/cSR and z-lines align [55,73,77,80]. In ectotherms, PCs
are also concentrated at the z-lines, ensuring Ca?* diffusion
to the more loosely organized internal SR release sites
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situated along the z-lines [65,69]. The distance between cSR
CRUs along a z-line were shown to have a major impact on
the rate of rise of the Ca”" transient in a two-dimensional
avian model. As the distance between CRUs was increased
from 100 to 600 nm, activation time was slowed by approxi-
mately fourfold [38].

The complement of ejSR and/or ¢SR and the number of
CRUs (assessed as RyR density) within the ejSR and/or
cSR in different bird species correlates with cardiac perform-
ance when assessed via electron microscopy. When measured
under the same conditions, the chicken left ventricle had a
lower complement of ¢SR (0.39 +0.11 ym of cSR per cardiac
muscle fibre cross section (umfz), n=78) and a lower density
of RyRs per cardiac muscle fibre volume (52 RyRspm™)
compared with finch left ventricle (0.6 +0.14 pm ejSR per
fibre cross section (umfz), n=231, and 144 RyRs per fibre
volume (um?®), respectively) [65]. Similarly, a high comp-
lement of €jSR and/or ¢SR was found in hummingbird
myocardium [73] compared with birds with slower hearts
such as chicken and pigeon [77]. Thus, structural and compu-
tational modelling studies emphasize the importance of
geometry and physical distances between CRUs within
non-tubulated myocytes for determining the amplitude and
time course of the intracellular Ca®* transient, which regu-
lates the strength and rate cardiac pumping.

3. Functional studies of Ca** flux in the bird
cardiomyocyte

There are only four functional reports of excitation—
contraction coupling in adult bird cardiomyocytes [16,31,32,36]
to date, but all support the schema derived from ultrastructure
studies. Evidence of a large transsarcolemmal Ca*" influx carried
by LTCCs comes from electrophysiological studies on isolated
cardiomyocytes from the turkey [31], finch [36] and quail [32].
In finch heart, the density of Ic,;, was more than twice that of
mammals (rat) when recorded under the same conditions [36]
and although comparing across studies can be difficult
(i.e. owing to differences in the intracellular and extracellular sol-
utions used in patch clamp studies, differences in acclimation or
experimental temperature, etc.), Ic,. density measured in bird
studies is consistently greater than that reported for ectotherms
(e.g. fish [83]; turtle [29]; lizard [30], and see recent comparative
review [49]). The high-density I, also corresponds well with
reports of a large complement of LTCCs in the bird sarcolemma
assessed with radio-ligand dihydropyridine-binding [31]. Given
the greater surface area—volume ratio (table 1) and thus the large
contribution of sarcolemmal influx to cytosolic ionic compo-
sition, this large Ic,; is set to prime the bird myocyte for a Ca**
transient with a large amplitude and fast raising phase, which
underlie the strong and fast contractions observed by Kim et al.
[31] in turkey ventricle.

The L-type Ca®* current (Ic,p) is the trigger for CICR at
PCs and the greater the amplitude of Ic,;, the greater the
release of Ca?* from the SR [84]. In this way, Ic,;, amplitude
drives the gain of CICR in cardiomyocytes [85]. Thus, the
large density I, in birds will drive a large release of Ca**
from the adjacent CRUs provided they are adequately
coupled. Tight coupling between LTCC and CRUs in PCs
has been reported in all structural studies of the bird myocar-
dium, but only recently was this confirmed functionally.
Using freshly isolated quail ventricular myocytes Filatova

et al. [32] showed that Ic,;, caused Ca>" release from the SR n

and further that Ca* release from the SR impacted the inacti-
vation kinetics of I, thus demonstrating for the first time: (i)
functional crosstalk in bird PCs and (ii) the high gain of CICR
in bird ventricular excitation-contraction coupling. These
functional studies confirm earlier reports from [PHlryanodine
binding studies which showed the density and Ca" sensitivity
of bird (pigeon and finch) RyRs are similar to those of mam-
mals (rat) [77]. Interestingly, crosstalk was not observed in
quail atrial myocytes where the amplitude of I, was con-
siderably smaller [32]. The study was conducted at room
temperature and because Ic,. is temperature-dependent, the
authors point out that CICR would also occur in atrial myo-
cytes at the body temperature of the quail [32]. Additionally,
there may be a basal level of stimulation (e.g. adrenergic
tone) that exists in vivo but is absent ex vivo that enhances
atrial I, conductance in quail heart.

The presence of functional crosstalk and CICR in quail car-
diomyocytes align with ultrastructural and radio-ligand
binding studies to provide a clear mechanism for a strong and
rapid Ca** signal occurring in the periphery of the myocyte.
Presently we lack dynamic imaging studies which show the
propagation of the peripheral signal through ejSR/cSR to the
centre of the bird cardiomyocyte. However, such studies have
been performed on the elongated/spindle-shaped myocytes
from mammalian atrial cells [60,86]. Interestingly, in rat atrial
myocytes (which are not tubulated) the peripheral Ca** signal
is not effective at triggering CICR from centrally located non-
junctional RyRs under normal conditions. Enhancing the
amplitude of Ic,;, RyR sensitivity to the cytosolic Ca®* trigger,
or increasing the Ca®* content of the SR, have each been shown
to be sufficient to trigger centripetal Ca** propagation and a
global Ca®* transient in mammalian atrial myocytes [74,87].
This enhancement can be accomplished with sympathetic acti-
vation of the heart, and in fish myocytes, adrenergic stimulation
has been shown to enable CICR (CICR is minimal in the unsti-
mulated state) [53]. The large amplitude Ic,;, and the large SR
Ca”" content (discussed below), combined with the organiz-
ation of CRUs in the bird myocardium are all indicative of a
rapid and near-uniform global Ca** transient during routine
excitation—contraction coupling. However, this must be sub-
stantiated experimentally.

(a) Implications of high sarcoplasmic reticulum Gt

content in bird cardiomyocytes
Cytosolic Ca®" is returned to the SR by the pumping activity of
SERCA which facilitates the strong and rapid contractions of
the bird heart. SR vesicles from adult turkey ventricular hom-
ogenates demonstrated robust SERCA activity [88] that
correlated with a rapid decay in the multicellular Ca®* transi-
ent in turkey heart preparations [31]. Refilling of the quail SR
following depletion with caffeine follows a similar time course
as mammals [89,90] and was four times faster than fish [91]
when compared under similar experimental conditions.

Similar to ectotherms [39], the bird SR is able to hold a sub-
stantial amount of Ca** without spontaneously releasing it. SR
Ca”" content grows during development in the chicken heart
with late-stage embryonic chicken myocytes having a steady-
state content of approximately 400 pmol 17" Ca** [64]. This com-
pares with approximately 425pumoll™ Ca®* steady-state
content assessed via caffeine application in adult quail ventricu-
lar myocytes [32]. These values are on par with steady-state
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ventricular SR Ca®" content measured in ectotherms (200—
500 pmol ™' Ca®") [92,93] and greater than that in mammals
(60-100 pmol 17" Ca?*) [39,94,95]. The maximal Ca** content
(greater than 1000 pmol 17! Ca*") of the fish SR [92,93] greatly
exceeds that of mammals (50-200 pmol 17! Ca®*) when both
are assessed by the application of 10 mM caffeine [94,96]. Maxi-
mal SR content has not been specifically studied in the bird heart,
but levels reached greater than 750 pmol 17" Ca®* during 100
steady-state loading pulses when I, was not of sufficient mag-
nitude to trigger CICR in the quail atrium [32]. Thus, it would
appear that cardiac SR Ca?* storage capacity has been dramati-
cally reduced during the evolution of the mammalian myocyte.

There are many possible reasons why the bird (and
ectotherm) SR hold a larger quantity of Ca** than mammalian
SR (for review see [97]). On the cytosolic face, the opening of
the RyRs is triggered by cytosolic Ca®* and despite similar
[PHIRyanodine binding affinities in bird and mammal [77],
other (yet unknown) ligands may be important for sensitizing
RyR opening in response to cytosolic Ca*" in birds. Indeed, the
activity of the RyR is regulated by many intracellular factors
such as Mg”*, nucleotides, proteins and reactive oxygen
species [98], none of which have been studied in the bird
heart to date. In ectotherms, but probably not adult birds, the
Ca*" sensitivity of the RyRs [99], density of RyRs [100,101],
number of RyRs in a CRU and the distances between CRUs
also probably factor into CICR failure despite a large SR Ca**
content [97]. However, as discussed above, a large enough
Icar trigger should be sufficient to release SR Ca®" in all
elongated myocytes, except maybe in amphibians [53,68,102].

Perhaps the most interesting aspect of the large Ca** con-
tent in bird heart is that it does not cause spontaneous
opening of the RyRs from the luminal side. In mammals,
RyR opening is triggered by luminal Ca** which can potenti-
ate the effects of cytosolic RyR activators [103-105]. In rat
myocytes, Ca®* waves indicative of RyR opening occurs
when SR Ca*®" content exceeds a threshold of approximately
60-100 pmol 17! Ca* [94]. The reason(s) why SR Ca** content
can reach nearly ten times this amount in bird (and
ectotherm) heart without spontaneous release is not known.
Luminal Ca”* sensing is strongly dependent on the SR
Ca”*-buffering capacity (e.g. calsequestrin) and on inter-
actions with luminal proteins (e.g. triadin and junctin) [98].
However, nothing is known about these proteins and how
they might interact or how they might regulate RyRs in
non-mammalian hearts, but clearly having a high SR Ca**
storage capacity must be coupled to a low release sensitivity
in birds and ectotherms. Release of the entire SR Ca®* content
(which approaches mM levels at maximal loads [92,93])
would be catastrophic to excitation—contraction coupling
and induce toxicity (i.e. mitochondrial Ca®>* overload) and
dysfunction (i.e. arrhythmias) often associated with cytosolic
Ca?* overload in ischemia-reperfusion scenarios [106,107].
As Ca** overload and errant SR Ca** release underlie many
human cardiomyopathies, understanding how bird cardio-
myocytes regulate SR Ca®* storage and release could
provide novel avenues for therapeutics.

The narrow, elongated cardiomyocyte morphology dominates
the animal kingdom including cephalopods [108] (table 1 and

figure 2). In fishes and amphibians, this gross morphology has
been associated with the Frank-Starling law of the heart and
stretch regulation of cardiac output [109-111]. The sarcomeres
of fish [112] and amphibian [113,114] myocytes are able to
stretch further, and develop force at longer lengths than
those of mammalian myocytes. However, despite very large
stroke volumes, and thus large end-diastolic volumes [11], evi-
dence from whole hearts and single cells from turkeys suggest
bird active and passive length—tension properties are more
similar to mammals (stiff) than to fish (compliant) [115].
Indeed, birds are thought to predominately modulate cardiac
output via increases in heart rate with exercise [116], but this
may be owing to near maximal stroke volumes at rest. More-
over, changing sarcomeric spacing akin to myocardial stretch
had little effect on computed Ca®' activation time in an
avian heart cell model [38]. Thus, elgonated myocyte mor-
phology does not appear related to enhanced length-
dependent activation in the bird heart.

The elongated myocyte morphology is also associated with
cardiac regeneration. Neonatal mammalian, embryonic bird,
fish, urodele amphibian and reptile hearts [1,117,118] are all
able to regenerate and all have an elongated myocyte mor-
phology. Thus, it would be tempting to suggest a causative
link. However, although hearts of 5-day chick embryos were
able to regenerate, this ability was lost in 18-day embryos and
in newly hatched chicks, indicating that despite maintained
myocyte morphology from late stage embryo to post-hatch
development, regeneration capability in birds is lost [118].
This loss of proliferation-potential in post-hatch bird myocytes
is interesting, as it is another trait associated with endothermy
[44,119]. Indeed, all birds are ectothermic in ovo and attain
endothermy post-hatch [11,120]. Different species of bird
attain endothermy at different time points during post-hatch
development [7,11]. Precocial species that hatch feathered,
active and able to find their own food, attain endothermic ther-
moregulatory capacity at hatch through the rapid development
of the aerobic capacity to support increased energy demands
[7,121]. In the precocial duck, heart mass almost doubles in
the last 24 h before hatch, and in duck and chicken embryos,
oxidative phosphorylation capacity of cardiac mitochondria
also significantly increases in the last 24 h before hatch, presum-
ably in preparation for endothermic energy demands [120,121].
In altricial species, endothermy develops post-hatch during
nesting [120]. Such changes in cardiovascular capacity are not
observed paranatally in closely related ectothermic species
such as the American alligator [122].

The mechanisms linking endothermy and non-
proliferating cardiomyocytes is an active area of research
that has recently been linked to another key feature of cardio-
myocyte architecture—polyploidy or genome duplication. By
and large, all bird and mammal embryonic and neonatal
cardiomyocytes, and most ectotherm cardiomyocytes (inde-
pendent of age) are mononuclear and diploid [44,123,124].
During development, the endotherm heart grows by the
expansion of cardiomyocyte number (hyperplasia). However,
postnatally / post-hatch a large proportion of endothermic (but
not ectothermic) cardiomyocytes that enter the cell cycle do
not complete it resulting in endoreplication [44,124]. This pro-
duces myocytes with more than one copy of their diploid
genome in a single nucleus or in multiple nuclei within a
single cell. For example, polyploidization of cardiomyocytes
in quail was shown to occur during the first 40 days post-
hatch, and end by the time body growth is completed at 60



days [123]. This change in genome size and structure coincides
with other aspects of myocyte maturation including increased
SR complexity (CRUs in birds, t-tubules in mammals). Meta-
bolic and hormonal remodelling associated with postnatal
growth (mammals) or post-hatch endothermy and growth
(birds) [119] result in increased mitochondrial metabolism
and reactive oxygen species generation at the same develop-
mental timepoint [7,120,121]. Increased ploidy may provide
additional transcriptional output for protein biosynthesis in
endothermic cardiomyocytes with high metabolic activity
[44] in a trade-off with decreased capacity for proliferation
[44,124,125]. This accords with higher incidence of polyploid
in precocial species than in altricial birds of the same weight
post-hatch, owing to increased functional cardiac load
during development [123]. Additionally, in a comparative
study of 31 species of adult birds, cardiomyocyte polyploidy
is higher in species, and in cardiac chambers across species,
that have increased cardiac work-loads [125]. Polyploidy
does increase cell size by a small but significant amount in
both birds and mammals [123,126,127]. However, this slight
change in geometry is concordant with the structural changes
underlying excitation—contraction coupling in both hypertro-
phied mammalian ventricular myocytes and in narrow bird
myocytes. Thus, ploidy is not a function of myocyte size,
rather, a consequence of myocyte metabolism. Further work
is required to properly elucidate relationships between myo-
cyte morphology, ploidy, regeneration and endothermy.
However, birds have largely been ignored in this pursuit,
and the ectotherm-endotherm transition in bird development
may hold the key to understanding the balance between
resource allocation in polyploid cardiomyocytes and reduced
capacity to proliferate, compared with mononucleated diploid
cardiomyocytes and the preserved capacity to proliferate.

The elongated cardiomyocyte of ectothermic vertebrates is
internally remodelled with a superhighway of CRUs in

post-hatch birds to increase cardiac force and cardiac fre-
quency beyond that of their ectothermic ancestors. Clearly
this strategy is equally as successful as the hypertrophied
and t-tubulated myocytes of adult mammals for powering
the robust cardiac function necessitated by endothermy.
Indeed, the force generated per cross-sectional area of the
ventricular wall is similar in mammals and birds [20], empha-
that despite differences in cellular
architecture the functional output of the bird and mammal

sizing the point

myocardium is very similar.

However, detailed functional studies of bird cellular Ca®*
flux during excitation—contraction coupling are scarce, and
knowledge of the spatial and temporal properties of the intra-
cellular Ca®* transient is lacking. These are necessary to
improve our structural and functional understanding of the
hearts of this group of endothermic vertebrates. Birds also
comprise the only taxon that transitions from ectotherm to
endotherm during development. Studies of their elongated
myocytes throughout this transition are uniquely placed to
shed insight into a key area of human cardiac research—the
drivers of polyploidization at the expense of proliferation in
heart regeneration.

Currently, one-in-seven (14%) of the world’s bird species
are threatened with extinction (greater than 4000 species)
[128] and so cardiac diversity in this important group is
being lost to science at an astounding rate. Thus, structural,
physiological, and molecular/genomic studies of bird hearts
must be coupled with urgent conservation to ensure this pre-
cious resource to science and global biodiversity is not lost.

This article has no additional data.
H.AS.: conceptualization, resources, writing—
original draft, writing—review and editing.
I declare I have no competing interests.
I received no funding for this study.

The author acknowledges helpful conversations with
colleagues and students. In particular Dr Gina Galli, Dr Christian
Pinali, Dr Vijay Rajagopal, Dr Thomas Sheard, Dr Jonathan Codd,
Dr Tanya Filatova, Prof Dane Crossley, Dr Martin Bootman, Alice
Whitely and Ben Sherman.

Tollis M, Hutchins ED, Kusumi K. 2014 Reptile 6. Ruben J. 1995 The evolution of endothermy in endothermy. J. Exp. Biol. 218, 1143-1150. (doi:10.
genomes open the frontier for comparative analysis of mammals and birds: from physiology to fossils. 1242/jeb.118372)

amniote development and regeneration. /nt. J. Dev. Annu. Rev. Physiol. 57, 69-95. (doi:10.1146/ 12. Hicks JW, Wang T. 2012 The functional significance
Biol. 58, 863—871. (doi:10.1387/ijdh.140316kk) annurev.ph.57.030195.000441) of the reptilian heart: new insights into an old
Bixler C. 2022 Encyclopadia Britannica Inc. 7. (Clarke A, Pértner H-0. 2010 Temperature, metabolic question. In Ontogeny and Phylogeny of the
Encyclopadia Britannica® Online. (https://kids. power and the evolution of endothermy. Biol. Rev. 85, Vertebrate Heart (eds D Sedmera, T Wang),
britannica.com/students/assembly/view/235364) 703-727. (doi:10.1111/j.1469-185X.2010.00122.x) pp. 207-227. New York, NY: Springer.

Field DJ, Gauthier JA, King BL, Pisani D, Lyson TR, 8.  Bennett AF, Ruben JA. 1979 Endothermy and 13. Jensen B, Nielsen JM, Axelsson M, Pedersen M,
Peterson KJ. 2014 Toward consilience in reptile activity in vertebrates. Science 206, 649—654. Lofman C, Wang T. 2010 How the python heart
phylogeny: miRNAs support an archosaur, not (doi:10.1126/science.493968) separates pulmonary and systemic blood pressures
lepidosaur, affinity for turtles. Evol. Dev. 16, 9. Legendre LJ, Davesne D. 2020 The evolution of and blood flows. J. Exp. Biol. 213, 1611-1617.
189-196. (doi:10.1111/ede.12081) mechanisms involved in vertebrate endothermy. (doi:10.1242/jeb.030999)

Green RE et al. 2014 Three crocodilian genomes reveal Phil. Trans. R. Soc. B 375, 20190136. (d0i:10.1098/  14. Jensen B, Wang T, Christoffels VM, Moorman AF.
ancestral patterns of evolution among archosaurs. rsth.2019.0136) 2013 Evolution and development of the building
Science 346, 1254449. (doi:10.1126/science.1254449) 10. Seebacher F. 2020 Is endothermy an evolutionary plan of the vertebrate heart. Biochim. Biophys. Acta
Chiari Y, Cahais V, Galtier N, Delsuc F. 2012 by-product? Trends Ecol. Evol. 35, 503-511. (doi:10. 1833, 783-794. (doi:10.1016/j.bbamcr.2012.
Phylogenomic analyses support the position of 1016/j.tree.2020.02.006) 10.004)

turtles as the sister group of birds and crocodiles 11. Hillman SS, Hedrick MS. 2015 A meta-analysis of in ~ 15. Jensen B et al. 2018 Specialized impulse conduction

(Archosauria). BMC Biol. 10, 65. (doi:10.1186/1741-
7007-10-65)

vivo vertebrate cardiac performance: implications for
cardiovascular support in the evolution of

pathway in the alligator heart. Elife 7, €32120.
(doi:10.7554/elife.32120)


http://dx.doi.org/10.1387/ijdb.140316kk
https://kids.britannica.com/students/assembly/view/235364
https://kids.britannica.com/students/assembly/view/235364
http://dx.doi.org/10.1111/ede.12081
http://dx.doi.org/10.1126/science.1254449
http://dx.doi.org/10.1186/1741-7007-10-65
http://dx.doi.org/10.1186/1741-7007-10-65
http://dx.doi.org/10.1146/annurev.ph.57.030195.000441
http://dx.doi.org/10.1146/annurev.ph.57.030195.000441
http://dx.doi.org/10.1111/j.1469-185X.2010.00122.x
http://dx.doi.org/10.1126/science.493968
http://dx.doi.org/10.1098/rstb.2019.0136
http://dx.doi.org/10.1098/rstb.2019.0136
http://dx.doi.org/10.1016/j.tree.2020.02.006
http://dx.doi.org/10.1016/j.tree.2020.02.006
https://doi.org/10.1242/jeb.118372
https://doi.org/10.1242/jeb.118372
http://dx.doi.org/10.1242/jeb.030999
http://dx.doi.org/10.1016/j.bbamcr.2012.10.004
http://dx.doi.org/10.1016/j.bbamcr.2012.10.004
http://dx.doi.org/10.7554/elife.32120

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Filatova TS, Abramochkin DV, Pavlova NS, Pustovit
KB, Konovalova OP, Kuzmin VS, Dobrzynski H. 2021
Repolarizing potassium currents in working
myocardium of Japanese quail: a novel translational
model for cardiac electrophysiology. Comp. Biochem.
Physiol. A: Mol. Integr. Physiol. 255, 110919.
(doi:10.1016/j.chpa.2021.110919)

Offerhaus JA, Snelderwaard PC, Algiil S, Faber JW,
Riebel K, Jensen B, Boukens BJ. 2021 High heart
rate associated early repolarization causes J-waves
in both zebra finch and mouse. Physiol. Rep. 9,
€14775. (doi:10.14814/phy2.14775)

Boukens BID et al. 2019 The electrocardiogram

of vertebrates: evolutionary changes from ectothermy
to endothermy. Prog. Biophys. Mol. Biol. 144, 16-29.
(doi:10.1016/j.pbiomolbio.2018.08.005)

Bishop CM. 1997 Heart mass and the maximum
cardiac output of birds and mammals: implications
for estimating the maximum aerobic power input of
flying animals. Phil. Trans. R. Soc. Lond. B 352,
447-456. (doi:10.1098/rsth.1997.0032)

Seymour RS, Blaylock AJ. 2000 The principle of
laplace and scaling of ventricular wall stress and
blood pressure in mammals and birds. Physiol.
Biochem. Zool. 73, 389-405. (doi:10.1086/317741)
Jensen B, Moorman AFM, Wang T. 2014 Structure
and function of the hearts of lizards and snakes.
Biol. Rev. 89, 302-336. (d0i:10.1111/brv.12056)
Lansford R, Rugonyi S. 2020 Follow me! A tale of
avian heart development with comparisons to
mammal heart development. J. Cardiovasc. Dev. Dis.
7, 8. (d0i:10.3390/jcdd7010008)

Brush AH. 1966 Avian heart size and cardiovascular
performance. Auk 83, 266-273. (doi:10.2307/
4083019)

Viscor G, Marqués MS, Palomeque J. 1985
Cardiovascular and organ weight adaptations as
related to flight activity in birds. Comp. Biochem.
Physiol. A Comp. Physiol. 82, 597—-599. (doi:10.
1016/0300-9629(85)90439-6)

Altimiras J, Lindgren |, Giraldo-Deck LM, Matthei A,
Garitano-Zavala A. 2017 Aerobic performance in
tinamous is limited by their small heart. A novel
hypothesis in the evolution of avian flight. Sci. Rep.
7, 1-5. (doi:10.1038/541598-017-16297-2)
Vornanen M, Haverinen J. 2013 A significant role of
sarcoplasmic reticulum in cardiac contraction of a
basal vertebrate, the river lamprey (Lampetra
fluviatilis). Acta Physiol. 207, 269-279. (doi:10.
1111/j.1748-1716.2012.02479.x)

Brette F, Luxan G, Cros C, Dixey H, Wilson C, Shiels
HA. 2008 Characterization of isolated ventricular
myocytes from adult zebrafish (Danio rerio).
Biochem. Biophys. Res. Commun. 374, 143—146.
(doi:10.1016/j.bbrc.2008.06.109)

Satoh H, Delbridge LM, Blatter LA, Bers DM. 1996
Surface:volume relationship in cardiac myocytes
studied with confocal microscopy and membrane
capacitance measurements: species-dependence and
developmental effects. Biophys. J. 70, 1494-1504.
(doi:10.1016/S0006-3495(96)79711-4)

Galli GL, Taylor EW, Shiels HA. 2006 Calcium flux in
turtle ventricular myocytes. Am. J. Physiol. Regul.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Integr. Comp. Physiol. 291, R1781-R1789. (doi:10.
1152/ajpregu.00421.2006)

Galli GL, Warren DE, Shiels HA. 2009 Ca®* cydling in
cardiomyocytes from a high-performance reptile,
the varanid lizard (Varanus exanthematicus).

Am. J. Physiol. Regul. Integr. Comp. Physiol. 297,
R1636-R1644. (doi:10.1152/ajprequ.00381.2009)
Kim CS, Davidoff AJ, Maki TM, Doye AA, Gwathmey JK.
2000 Intracellular calcium and the relationship to
contractility in an avian model of heart failure. J. Comp.
Physiol. B 170, 295-306. (doi:10.1007/5003600000103)
Filatova TS, Abramochkin DV, Shiels HA. 2020
Warmer, faster, stronger: Ca®* cydling in avian
myocardium. J. Exp. Biol. 223, jeb228205. (doi:10.
1242/jeb.228205)

Goaillard JM, Vincent PV, Fischmeister R. 2001
Simultaneous measurements of intracellular cAMP
and L-type Ca”* current in single frog ventricular
myocytes. J. Physiol. 530, 79-91. (doi:10.1111/j.
1469-7793.2001.0079m.x)

Bean BP, Nowycky MC, Tsien RW. 1984 [beta]-
Adrenergic modulation of calcium channels in frog
ventricular heart cells. Nature 307, 371-375.
(doi:10.1038/307371a0)

Vornanen M. 1997 Sarcolemmal Ca influx through
L-type Ca channels in ventricular myocytes of a
teleost fish. Am. J. Physiol. 41, R1432—-R1440.
(doi:10.1152/ajprequ.1997.272.5.r1432)

Bogdanov KY, Ziman BD, Spurgeon HA, Lakatta EG.
1995 L- and T-type calcium currents differ in finch and
rat ventricular cardiomyocytes. J. Mol. Cell. Cardiol. 27,
2581-2593. (doi:10.1006/jmcc.1995.0045)

Akester AR. 1981 Intercalated discs, nexuses,
sarcoplasmic reticulum and transitional cells in the
heart of the adult domestic fowl (Gallus gallus
domesticus). J. Anat. 133, 161-179.

Sheard TMD, Kharche SR, Pinali C, Shiels HA. 2019
3D ultrastructural organisation of calcium release
units in the avian sarcoplasmic reticulum. J. Exp.
Biol. 222, jeh197640. (doi:10.1242/jeb.197640)
Shiels HA, Galli GL. 2014 The sarcoplasmic reticulum
and the evolution of the vertebrate heart.
Physiology (Bethesda) 29, 456-469. (d0i:10.1152/
physiol.00015.2014)

Lillywhite HB, Zippel KC, Farrell AP. 1999 Resting
and maximal heart rates in ectothermic vertebrates.
Comp. Biochem. Physiol. A Mol. Integr. Physiol.
124, 369-382. (doi:10.1016/51095-6433(99)
00129-4)

Dibb KM, Clarke JD, Horn MA, Richards MA, Graham
HK, Eisner DA, Trafford AW. 2009 Characterization of
an extensive transverse tubular network in sheep
atrial myocytes and its depletion in heart failure.
Girc. Heart Fail. 2, 482-489. (doi:10.1161/
circheartfailure.109.852228)

Louch WE, Koivumaki JT, Tavi P. 2015 Calcium
signalling in developing cardiomyocytes: implications
for model systems and disease. J. Physiol. 593,
1047-1063. (doi:10.1113/jphysiol.2014.274712)
Birkedal R, Laasmaa M, Branovets J, Vendelin M.
2022 Ontogeny of cardiomyocytes: ultrastructure
optimization to meet the demand for tight
communication in excitation—contraction coupling

4,

45.

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

and energy transfer. Phil. Trans. R. Soc. B 377,
20210321, (doi:10.1098/rsth.2021.0321)

Derks W, Bergmann 0. 2020 Polyploidy in
cardiomyocytes. Circ. Res. 126, 552-565. (doi:10.
1161/circresaha.119.315408)

Valance D, Després G, Richard S, Constantin P,
Mignon-Grasteau S, Leman S, Boissy A, Faure JM,
Leterrier C. 2008 Changes in heart rate variability
during a tonic immobility test in quail. Physiol. Behav.
93, 512-520. (doi:10.1016/j.physheh.2007.10.011)
Wilson WO. 1972 A review of the physiology of
coturnix (Japanese quail). World’s Poult. Sci. J. 28,
413-429. (doi:10.1079/WPSJ19720019)

Mahajan A et al. 2008 A rabbit ventricular action
potential model replicating cardiac dynamics at
rapid heart rates. Biophys. J. 94, 392-410. (doi:10.
1529/biophysj.106.98160)

Vornanen M. 2020 Feeling the heat: source—sink
mismatch as a mechanism underlying the failure of
thermal tolerance. J. Exp. Biol. 223, jeb225680.
(doi:10.1242/jeb.225680)

Abramochkin DV, Filatova TS, Pustovit KB, Voronina
YA, Kuzmin VS, Vornanen M 2022 lonic currents
underlying different patterns of electrical activity in
working cardiac myocytes of mammals and non-
mammalian vertebrates. Comparative Biochemistry
and Physiology Part A: Molecular & Integrative
Physiology. 2022 Mar 25:111204.

Rosati B et al. 2008 Evolution of ventricular myocyte
electrophysiology. Physiol. Genom. 35, 262-272.
(doi:10.1152/physiolgenomics.00159.2007)

Richards MA, Clarke JD, Saravanan P, Voigt N,
Dobrev D, Eisner DA, Trafford AW, Dibb KM. 2011
Transverse tubules are a common feature in large
mammalian atrial myocytes including human.

Am. J. Physiol. Heart Circ. Physiol. 301,
H1996-H2005. (doi:10.1152/ajpheart.00284.2011)
Sobie EA, Dilly KW, dos Santos Cruz J, Lederer W),
Jafti MS. 2002 Termination of cardiac Ca** sparks:
an investigative mathematical model of calcium-
induced calcium release. Biophys. J. 83, 59-78.
(doi:10.1016/50006-3495(02)75149-7)

Cros C, Salle L, Warren DE, Shiels HA, Brette F. 2014
The calcium stored in the sarcoplasmic reticulum
acts as a safety mechanism in rainbow trout heart.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 307,
R1493-R1501. (doi:10.1152/ajprequ.00127.2014)
Brette F, Salle L, Orchard CH. 2004 Differential
modulation of L-type Ca®* current by SR Ca®*
release at the t-tubules and surface membrane of
rat ventricular myocytes. Circ. Res. 95, e1-e7.
(doi:10.1161/01.RES.0000135547.53927.F6)
Franzini-Armstrong C, Protasi F, Ramesh V. 1999
Shape, size, and distribution of Ca™ release units
and couplons in skeletal and cardiac muscles.
Biophys. J. 77, 1528-1539. (doi:10.1016/50006-
3495(99)77000-1)

Forbes MS, Mock OB, Van Niel EE. 1990
Ultrastructure of the myocardium of the least shrew,
(ryptotis parva Say. Anat. Rec. 226, 57-70. (doi:10.
1002/ar.1092260108)

Loughrey CM, Smith GL, MacEachern KE. 2004
Comparison of (a”* release and uptake


http://dx.doi.org/10.1016/j.cbpa.2021.110919
http://dx.doi.org/10.14814/phy2.14775
http://dx.doi.org/10.1016/j.pbiomolbio.2018.08.005
http://dx.doi.org/10.1098/rstb.1997.0032
http://dx.doi.org/10.1086/317741
http://dx.doi.org/10.1111/brv.12056
http://dx.doi.org/10.3390/jcdd7010008
http://dx.doi.org/10.2307/4083019
http://dx.doi.org/10.2307/4083019
http://dx.doi.org/10.1016/0300-9629(85)90439-6
http://dx.doi.org/10.1016/0300-9629(85)90439-6
http://dx.doi.org/10.1038/s41598-017-16297-2
http://dx.doi.org/10.1111/j.1748-1716.2012.02479.x
http://dx.doi.org/10.1111/j.1748-1716.2012.02479.x
http://dx.doi.org/10.1016/j.bbrc.2008.06.109
http://dx.doi.org/10.1016/S0006-3495(96)79711-4
http://dx.doi.org/10.1152/ajpregu.00421.2006
http://dx.doi.org/10.1152/ajpregu.00421.2006
http://dx.doi.org/10.1152/ajpregu.00381.2009
http://dx.doi.org/10.1007/s003600000103
http://dx.doi.org/10.1242/jeb.228205
http://dx.doi.org/10.1242/jeb.228205
http://dx.doi.org/10.1111/j.1469-7793.2001.0079m.x
http://dx.doi.org/10.1111/j.1469-7793.2001.0079m.x
http://dx.doi.org/10.1038/307371a0
http://dx.doi.org/10.1152/ajpregu.1997.272.5.r1432
http://dx.doi.org/10.1006/jmcc.1995.0045
http://dx.doi.org/10.1242/jeb.197640
http://dx.doi.org/10.1152/physiol.00015.2014
http://dx.doi.org/10.1152/physiol.00015.2014
http://dx.doi.org/10.1016/S1095-6433(99)00129-4
http://dx.doi.org/10.1016/S1095-6433(99)00129-4
http://dx.doi.org/10.1161/circheartfailure.109.852228
http://dx.doi.org/10.1161/circheartfailure.109.852228
http://dx.doi.org/10.1113/jphysiol.2014.274712
http://dx.doi.org/10.1098/rstb.2021.0321
http://dx.doi.org/10.1161/circresaha.119.315408
http://dx.doi.org/10.1161/circresaha.119.315408
http://dx.doi.org/10.1016/j.physbeh.2007.10.011
https://doi.org/10.1079/WPSJ19720019
http://dx.doi.org/10.1529/biophysj.106.98160
http://dx.doi.org/10.1529/biophysj.106.98160
http://dx.doi.org/10.1242/jeb.225680
http://dx.doi.org/10.1152/physiolgenomics.00159.2007
http://dx.doi.org/10.1152/ajpheart.00284.2011
http://dx.doi.org/10.1016/s0006-3495(02)75149-7
http://dx.doi.org/10.1152/ajpregu.00127.2014
https://doi.org/10.1161/01.RES.0000135547.53927.F6
http://dx.doi.org/10.1016/s0006-3495(99)77000-1
http://dx.doi.org/10.1016/s0006-3495(99)77000-1
https://doi.org/10.1002/ar.1092260108
https://doi.org/10.1002/ar.1092260108

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

characteristics of the sarcoplasmic reticulum in
isolated horse and rabbit cardiomyocytes.

Am. J. Physiol. Heart Circ. Physiol. 2817,
H1149-H1159. (doi:10.1152/ajpheart.00060.2004)
Snelling EP, Taggart DA, Maloney SK, Farrell AP,
Leigh (M, Waterhouse L, Williams R, Seymour RS.
2015 Scaling of left ventricle cardiomyocyte
ultrastructure across development in the kangaroo
Macropus fuliginosus. J. Exp. Biol. 218, 1767-1776.
(doi:10.1242/jeb.119453)

Petkova MA, Dobrzynski H. 2021 Do human
sinoatrial node cells have t-tubules? Transl. Res.
Anat. 25, 100131. (doi:10.1016/j.tria.2021.100131)
Bootman MD, Higazi DR, Coombes S, Roderick HL.
2006 Calcium signalling during excitation-
contraction coupling in mammalian atrial myocytes.
J. Cell Sci. 119, 3915-3925. (doi:10.1242/jcs.03223)
Franzini-Armstrong C, Protasi F, Tijskens P. 2005 The
assembly of calcium release units in cardiac muscle.
Commun. Card. Cell 1047, 76-85. (doi:10.1196/
annals.1341.007)

Sommer JR. 1995 Comparative anatomy: in praise of
a powerful approach to elucidate mechanisms
translating cardiac excitation into purposeful
contraction. J. Mol. Cell. Cardiol. 27, 19-35. (doi:10.
1016/50022-2828(08)80004-1)

Sun XH, Protasi F, Takahashi M, Takeshima H,
Ferguson DG, Franzini-Armstrong C. 1995 Molecular
architecture of membranes involved in excitation-
contraction coupling of cardiac muscle. J. Cell Biol.
129, 659-671. (doi:10.1083/jch.129.3.659)

(reazzo TL, Burch J, Godt RE. 2004 Calcium
buffering and excitation-contraction coupling in
developing avian myocardium. Biophys. J. 86,
966-977. (doi:10.1016/50006-3495(04)74172-7)
Perni S, lyer VR, Franzini-Armstrong C. 2012
Ultrastructure of cardiac muscle in reptiles and
birds: optimizing and/or reducing the probability of
transmission between calcium release units.

J. Muscle Res. Cell Motil. 33, 145-152. (doi:10.1007/
$10974-012-9297-6)

Carl SL, Felix K, Caswell AH, Brandt NR, Ball WJ, Vaghy
PL, Meissner G, Ferguson DG. 1995 Immunolocalization
of sarcolemmal dihydropyridine receptor and
sarcoplasmic reticular triadin and ryanodine receptor in
rabbit ventricle and atrium. J. Cell Biol. 129, 672-682.
(doi:10.1083/jcb.129.3.673)

Sun Y, Yin Y, Zhang J, Yu H, Wang X, Wu J, Xue Y.
2008 Hydroxyl radical generation and oxidative
stress in Carassius auratus liver, exposed to pyrene.
Ecotoxicol. Environ. Saf. 71, 446—453. (d0i:10.1016/
j-ecoenv.2007.12.016)

Tijskens P, Meissner G, Franzini-Armstrong C. 2003
Location of ryanodine and dihydropyridine receptors
in frog myocardium. Biophys. J. 84, 1079-1092.
(doi:10.1016/50006-3495(03)74924-8)

Di Maio A, Block B. 2008 Ultrastructure of the
sarcoplasmic reticulum in cardiac myocytes from
Pacific bluefin tuna. Cell Tissue Res. 334, 121-134.
(doi:10.1007/500441-008-0669-6)

Shiels HA, White E. 2005 Temporal and spatial
properties of cellular Ca* flux in trout ventricular
myocytes. Am. J. Physiol. Regul. Integr. Comp.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Physiol. 288, R1756—R1766. (doi:10.1152/ajpregu.
00510.2004)

Vornanen M. 1998 L-type Ca®* current in fish
cardiac myocytes: effects of thermal acclimation and
beta-adrenergic stimulation. J. Exp. Biol. 201,
533-547. (doi:10.1242/jeh.201.4.533)

Sobie EA, Guatimosim S, Gémez-Viquez L, Song L-S,
Hartmann H, Saleet Jafri M, Lederer W). 2006 The Ca**
leak paradox and rogue ryanodine receptors: SR Ca>*
efflux theory and practice. Prog. Biophys. Mol. Biol.
90, 172-185. (doi:10.1016/j.pbiomolbio.2005.
06.010)

Jewett PH, Sommer JR, Johnson EA. 1971 Cardiac
muscle. Its ultrastructure in the finch and
hummingbird with special reference to the
sarcoplasmic reticulum. J. Cell Biol. 49, 50—65.
(doi:10.1083/jch.49.1.50)

Huser J, Lipsius SL, Blatter LA. 1996 Calcium
gradients during excitation-contraction coupling in
cat atrial myocytes. J. Physiol. 494, 641-651.
(doi:10.1113/jphysiol. 1996.5p021521)

Sommers J, Jennings RB. 1986 Ultrastructure of
cardiac muscle. In The heart and cardiovascular
system (eds HA Fozzard, E Haber, RB Jennings, AM
Katz, HE Morgan), pp. 61-100. New York, NY:
Raven Press.

Kockskamper J, Sheehan KA, Bare DJ, Lipsius SL,
Mignery GA, Blatter LA. 2001 Activation and
propagation of Ca** release during excitation-
contraction coupling in atrial myocytes. Biophys. J. 81,
2590-2605. (doi:10.1016/50006-3495(01)75903-6)
Junker J, Sommer JR, Sar M, Meissner G. 1994
Extended junctional sarcoplasmic reticulum of avian
cardiac muscle contains functional ryanodine
receptors. J. Biol. Chem. 269, 1627-1634. (doi:10.
1016/50021-9258(17)42073-4)

Sommer JR et al. 1991 To excite a heart: a bird’s
view. Acta Physiol. Scand. Suppl. 599, 5-21.
Nespolo RF, Gonzdlez-Lagos C, Solano-Iguaran JJ,
Elfwing M, Garitano-Zavala A, Mafiosa S, Alonso JC,
Altimiras J. 2017 Aerobic power and flight capacity
in birds: a phylogenetic test of the heart-size
hypothesis. J. Exp. Biol. 221, jeb162693. (doi:10.
1242/jeb.162693)

Bossen EH, Sommer JR, Waugh RA. 1978
Comparative stereology of the mouse and finch left
ventricle. Tissue Cell 10, 773-784. (doi:10.1016/
0040-8166(78)90062-9)

Stern MD, Pizarro G, Rios E. 1997 Local control
model of excitation—contraction coupling in skeletal
muscle. J. Gen. Physiol. 110, 415-440. (doi:10.
1085/jgp.110.4.415)

Chen-lzu Y, McCulle SL, Ward CW, Soeller C, Allen
BM, Rabang C, Cannell MB, Balke (W, Izu LT. 2006
Three-dimensional distribution of ryanodine
receptor clusters in cardiac myocytes. Biophys. J. 91,
1-13. (doi:10.1529/biophysj.105.077180)

Badr A, Korajoki H, Abu-Amra ES, El-Sayed MF,
Vornanen M. 2018 Effects of seasonal
acclimatization on thermal tolerance of inward
currents in roach (Rutilus rutilus) cardiac myocytes.
J. Comp. Physiol. B 188, 255-269. (d0i:10.1007/
500360-017-1126-1)

84.

85.

86.

87.

88.

89.

90.

9.

92.

93.

9%4.

9.

9.

Fabiato A. 1983 Calcium-induced release of calcium m

from the cardiac sarcoplasmic reticulum.

Am. J. Physiol. 245, 1-14. (doi:10.1152/ajpcell.
1983.245.1.(1)

Eisner DA, Trafford AW, Dfiaz ME, Overend (L,
O'Neill SC. 1998 The control of Ca release from the
cardiac sarcoplasmic reticulum: regulation versus
autoregulation. Cardiovasc. Res. 38, 589—604.
(doi:10.1016/50008-6363(98)00062-5)

Bootman MD, Smyrnias |, Thul R, Coombes S,
Roderick HL. 2011 Atrial cardiomyocyte calcium
signalling. Biochim. Biophys. Acta 1813, 922-934.
(doi:10.1016/j.bbamcr.2011.01.030)

Mackenzie L, Roderick HL, Berridge M), Conway SJ,
Bootman MD. 2004 The spatial pattern of atrial
cardiomyocyte calcium signalling modulates
contraction. J. Cell Sci. 117, 6327-6337. (doi:10.
1242/j¢5.01559)

Gwathmey JK, Kim CS, Hajjar RJ, Khan F, DiSalvo TG,
Matsumori A, Bristow MR. 1999 Cellular and
molecular remodeling in a heart failure model
treated with the beta-blocker carteolol.

Am. J. Physiol. 276, H1678—H1690. (doi:10.1152/
ajpheart.1999.276.5.H1678)

Adachi-Akahane S, Cleemann L, Morad M. 1996
Cross-signaling between L-type Ca®* channels and
ryanodine receptors in rat ventricular myocytes.

J. Gen. Physiol. 108, 435—454. (doi:10.1085/jgp.
108.5.435)

Sham JS. 1997 (a>* release-induced inactivation of
(a** current in rat ventricular myocytes: evidence
for local Ca** signaling. J. Physiol. 500(Pt 2),
285-295. (doi:10.1113/jphysiol.1997.5p022020)
Shiels HA, Vornanen M, Farrell AP. 2002
Temperature dependence of cardiac sarcoplasmic
reticulum function in rainbow trout myocytes.

J. Exp. Biol. 205, 3631-3639. (doi:10.1242/jeb.205.
23.3631)

Haverinen J, Vornanen M. 2009 Comparison of
sarcoplasmic reticulum calcium content in atrial and
ventricular myocytes of three fish species.

Am. J. Physiol. Regul. Integr. Comp. Physiol.

297, R1180-R1187. (doi:10.1152/ajpregu.
00022.2009)

Galli GLJ, Lipnick MS, Shiels HA, Block BA. 2011
Temperature effects on Ca®* cycling in scombrid
cardiomyocytes: a phylogenetic comparison. J. Exp.
Biol. 214, 1068-1076. (doi:10.1242/jeb.048231)
Venetucci LA, Trafford AW, Diaz ME, O'Neill SC,
Eisner DA. 2006 Reducing ryanodine receptor open
probability as a means to abolish spontaneous

(a*" release and increase Ca®* transient amplitude
in adult ventricular myocytes. Circ. Res. 98,
1299-1305. (doi:10.1161/01.RES.0000222000.
35500.65)

Delbridge LM, Satoh H, Yuan W, Bassani JW, Qi M,
Ginsburg KS, Samarel AM, Bers DM. 1997 Cardiac
myocyte volume, Ca* fluxes, and sarcoplasmic
reticulum loading in pressure-overload hypertrophy.
Am. J. Physiol. 272, H2425-H2435. (doi:10.1152/
ajpheart.1997.272.5.H2425)

Negretti N, Varro A, Eisner DA. 1995 Estimate of net
calcum fluxes and sarcoplasmic reticulum calcium


http://dx.doi.org/10.1152/ajpheart.00060.2004
http://dx.doi.org/10.1242/jeb.119453
http://dx.doi.org/10.1016/j.tria.2021.100131
http://dx.doi.org/10.1242/jcs.03223
http://dx.doi.org/10.1196/annals.1341.007
http://dx.doi.org/10.1196/annals.1341.007
http://dx.doi.org/10.1016/s0022-2828(08)80004-1
http://dx.doi.org/10.1016/s0022-2828(08)80004-1
http://dx.doi.org/10.1083/jcb.129.3.659
http://dx.doi.org/10.1016/S0006-3495(04)74172-7
http://dx.doi.org/10.1007/s10974-012-9297-6
http://dx.doi.org/10.1007/s10974-012-9297-6
http://dx.doi.org/10.1083/jcb.129.3.673
http://dx.doi.org/10.1016/j.ecoenv.2007.12.016
http://dx.doi.org/10.1016/j.ecoenv.2007.12.016
http://dx.doi.org/10.1016/s0006-3495(03)74924-8
http://dx.doi.org/10.1007/s00441-008-0669-6
http://dx.doi.org/10.1152/ajpregu.00510.2004
http://dx.doi.org/10.1152/ajpregu.00510.2004
http://dx.doi.org/10.1242/jeb.201.4.533
http://dx.doi.org/10.1016/j.pbiomolbio.2005.06.010
http://dx.doi.org/10.1016/j.pbiomolbio.2005.06.010
http://dx.doi.org/10.1083/jcb.49.1.50
http://dx.doi.org/10.1113/jphysiol.1996.sp021521
http://dx.doi.org/10.1016/s0006-3495(01)75903-6
http://dx.doi.org/10.1016/S0021-9258(17)42073-4
http://dx.doi.org/10.1016/S0021-9258(17)42073-4
http://dx.doi.org/10.1242/jeb.162693
http://dx.doi.org/10.1242/jeb.162693
http://dx.doi.org/10.1016/0040-8166(78)90062-9
http://dx.doi.org/10.1016/0040-8166(78)90062-9
http://dx.doi.org/10.1085/jgp.110.4.415
http://dx.doi.org/10.1085/jgp.110.4.415
http://dx.doi.org/10.1529/biophysj.105.077180
http://dx.doi.org/10.1007/s00360-017-1126-1
http://dx.doi.org/10.1007/s00360-017-1126-1
http://dx.doi.org/10.1152/ajpcell.1983.245.1.C1
http://dx.doi.org/10.1152/ajpcell.1983.245.1.C1
http://dx.doi.org/10.1016/s0008-6363(98)00062-5
http://dx.doi.org/10.1016/j.bbamcr.2011.01.030
http://dx.doi.org/10.1242/jcs.01559
http://dx.doi.org/10.1242/jcs.01559
http://dx.doi.org/10.1152/ajpheart.1999.276.5.H1678
http://dx.doi.org/10.1152/ajpheart.1999.276.5.H1678
http://dx.doi.org/10.1085/jgp.108.5.435
http://dx.doi.org/10.1085/jgp.108.5.435
http://dx.doi.org/10.1113/jphysiol.1997.sp022020
http://dx.doi.org/10.1242/jeb.205.23.3631
http://dx.doi.org/10.1242/jeb.205.23.3631
http://dx.doi.org/10.1152/ajpregu.00022.2009
http://dx.doi.org/10.1152/ajpregu.00022.2009
http://dx.doi.org/10.1242/jeb.048231
http://dx.doi.org/10.1161/01.RES.0000222000.35500.65
http://dx.doi.org/10.1161/01.RES.0000222000.35500.65
http://dx.doi.org/10.1152/ajpheart.1997.272.5.H2425
http://dx.doi.org/10.1152/ajpheart.1997.272.5.H2425

97.

9.

9.

100.

101.

102.

103.

104.

105.

106.

107.

altricial

Ca?

* release units
(CRUs)

content during systole in rat ventricular myocytes.
J. Physiol. 486, 581-591. (doi:10.1113/jphysiol.
1995.5p020836)

Shiels HA, Sitsapesan R. 2015 Is there something
fishy about the regulation of the ryanodine receptor
in the fish heart? Exp. Physiol. 100, 1412-1420.
(doi:10.1113/EP085136)

Woll KA, Petegem FV. 2022 Calcium-release
channels: structure and function of IP3 receptors
and ryanodine receptors. Physiol. Rev. 102,
209-268. (doi:10.1152/physrev.00033.2020)
Vornanen M. 2006 Temperature and Ca®*
dependence of [H-3]ryanodine binding in the
burbot (Lota lota L.) heart. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 290, R345-R351. (doi:10.
1152/ajprequ.00443.2005)

Chugun A, Taniguchi K, Murayama T, Uchide T, Hara
Y, Temma K, Ogawa Y, Akera T. 2003 Subcellular
distribution of ryanodine receptors in the cardiac
muscle of carp (Cyprinus carpio). Am. J. Physiol.
Regul. Integr. Comp. Physiol. 285, R601-R609.
(doi:10.1152/ajpregu.00419.2002)

Chugun A, Oyamada T, Temma K, Hara Y, Kondo H.
1999 Intracellular Ca®* storage sites in the carp
heart: comparison with the rat heart. Comp.
Biochem. Physiol. A Mol. Integr. Physiol. 123,
61-67. (doi:10.1016/51095-6433(99)00040-9)
Kiltzner T, Morad M. 1983 Excitation-contraction
coupling in the frog ventricle: possible Ca transport
mechanisms. Pfliig. Arch. 398, 274-283. (doi:10.
1007/BF00657237)

Sitsapesan R, Williams AJ. 1997 Regulation of
current flow through ryanodine receptors by luminal
(a**. J. Membr. Biol. 159, 179-185. (d0i:10.1007/
5002329900281)

Sitsapesan R, Williams AJ. 1995 The gating of the
sheep skeletal sarcoplasmic reticulum Ca**-release
channel is requlated by luminal Ca**. J. Membr.
Biol. 146, 133—144. (doi:10.1007/BF00238004)
Sitsapesan R, Williams AJ. 1994 Regulation of the
gating of the sheep cardiac sarcoplasmic reticulum
(a**-release channel by luminal Ca?*. J. Membr.
Biol. 137, 215-226. (doi:10.1007/BF00232590)
Thandroyen FT, Morris AC, Hagler HK, Ziman B, Pai L,
Willerson JT, Buja LM. 1991 Intracellular calcdum
transients and arrhythmia in isolated heart cells. Girc.
Res. 69, 810—819. (doi:10.1161/01.res.69.3.810)
Lubbe Wilhelm F, Podzuweit T, Opie Lionel H. 1992
Potential arrhythmogenic role of cyclic adenosine

poor

108.

109.

110.

n.

M2

113.

114.

115.

116.

7.

18.

birds that hatched unfeathered, have
metabolic heat balance,

monophosphate (AMP) and cytosolic calcium
overload: implications for prophylactic effects of
beta-blockers in myocardial infarction and
proarrhythmic effects of phosphodiesterase
inhibitors. J. Am. Coll. Cardiol. 19, 1622-1633.
(doi:10.1016/0735-1097(92)90629-2)

Altimiras J, Hove-Madsen L, Gesser H. 1999 Ca**
uptake in the sarcoplasmic reticulum from the
systemic heart of octopod cephalopods. J. Exp. Biol.
202, 2531-2537. (doi:10.1242/jeb.202.18.2531)
Shiels HA, White E. 2008 The Frank-Starling
mechanism in vertebrate cardiac myocytes. J. Exp.
Biol. 211, 2005-2013. (doi:10.1242/jeb.003145)
Fabiato A, Fabiato F. 1978 Myofilament-generated
tension oscillations during partial calcium activation
and activation dependence of the sarcomere length-
tension relation of skinned cardiac cells. J. Gen.
Physiol. 72, 667-699. (doi:10.1085/jgp.72.5.667)
Farrell AP. 1991 From hagfish to tuna: a perspective
on cardiac-function in fish. Physiol. Zool. 64,
1137-1164. (doi:10.1086/physzool.64.5.30156237)
Shiels HA, Calaghan SC, White E. 2006 The cellular
basis for enhanced volume-modulated cardiac
output in fish hearts. J. Gen. Physiol. 128, 37-44.
(doi:10.1085/jgp.200609543)

Allen DG, Blinks JR. 1978 Calcium transients in
aequorin-injected frog cardiac muscle. Nature 273,
509-513. (doi:10.1038/273509a0)

Tarr M, Trank JW, Goertz KK, Leiffer P. 1981 Effect of
initial sarcomere length on sarcomere kinetics and
force development in single frog atrial cardiac cells.
Circ. Res. 49, 767-774. (doi:10.1161/01.res.49.3.767)
Wu Y, Tobias AH, Bell K, Barry W, Helmes M,
Trombitas K, Tucker R, Campbell KB, Granzier HL.
2004 Cellular and molecular mechanisms of systolic
and diastolic dysfunction in an avian model of
dilated cardiomyopathy. J. Mol. Cell. Cardiol. 37,
111119 (doi:10.1016/j.yjmcc.2004.04.010)

Grubb BR. 1983 Allometric relations of
cardiovascular function in birds. Am. J. Physiol.-
Heart Circ. Physiol. 245, H567-H572. (doi:10.1152/
ajpheart.1983.245.4.H567)

Vickaryous MK, Gilbert EAB. 2019 Reptile embryology
and regeneration. In Vertebrate embryogenesis:
embryological, cellular, and genetic methods (ed. FJ
Pelegri), pp. 219-246. New York, NY: Springer New York.
Price EL, Vieira JM, Riley PR. 2019 Model organisms
at the heart of regeneration. Dis. Models Mech. 12,
dmmO040691. (doi:10.1242/dmm.040691)

corbular SR (cSR)
and

require significant parental investment

during maturation in nest
cluster of ryanodine receptors in the
sarcoplasmic reticulum (SR) membrane

ectothermy

that open to allow Ca®" release

119. Hirose K et al. 2019 Evidence for hormonal control
of heart regenerative capacity during endothermy
acquisition. Science 364, 184-188. (doi:10.1126/
science.aar2038)

120. Sirsat SK, Sirsat TS, Faber A, Duquaine A, Winnick S,
Sotherland PR, Dzialowski EM. 2016 Development
of endothermy and concomitant increases in cardiac
and skeletal muscle mitochondrial respiration in the
precocial Pekin duck (Anas platyrhynchos
domestica). J. Exp. Biol. 219, 1214-1223. (doi:10.
1242/jeb.132282)

121. Seebacher F, Schwartz TS, Thompson MB. 2006
Transition from ectothermy to endothermy: the
development of metabolic capacity in a bird (Gallus
gallus). Proc. R. Soc. B 273, 565-570. (doi:10.1098/
rspb.2005.3333)

122. Sirsat SK, Sirsat TS, Price ER, Dzialowski EM. 2016
Post-hatching development of mitochondrial
function, organ mass and metabolic rate in two
ectotherms, the American alligator (Alligator
mississippiensis) and the common snapping turtle
(Chelydra serpentina). Biol. Open 5, 443—451.
(doi:10.1242/bi0.017160)

123. Anatskaya OV, Vinogradov AE, Kudryavtsev BN. 2001
Cardiomyocyte ploidy levels in birds with different
growth rates. J. Exp. Zool. 289, 48-58. (doi:10.
1002/1097-010x(20010101/31)289:1<48::aid-jez5>
3.0.c0;2-5)

124. Gan P, Patterson M, Sucov HM. 2020 Cardiomyocyte
polyploidy and implications for heart regeneration.
Annu. Rev. Physiol. 82, 45-61. (doi:10.1146/
annurev-physiol-021119-034618)

125. Anatskaya OV, Vinogradov AE. 2002 Myocyte ploidy
in heart chambers of hirds with different locomotor
activity. J. Exp. Zool. 293, 427-441. (doi:10.1002/
jez.10114)

126. Altimiras J, Axelsoon M, Claireaux G, Lefrancois C,
Mercier C, Farrell AP. 2002 Cardiorespiratory
status of triploid brown trout during swimming
at two acclimation temperatures. J. Fish Biol.

60, 102-116. (doi:10.1111/j.1095-8649.2002.
th02390.x)

127. Anatskaya OV, Vinogradov AE. 2004 Paradoxical
relationship between protein content and nucleolar
activity in mammalian cardiomyocytes. Genome 47,
565-578. (doi:10.1139/g04-015)

128. Roser HRAM. 2021 Biodiversity. Published
online at https://ourworldindata.org/biodiversity/
birds.

specialized ‘flask-like” structures within
the SR membrane that contain CRUs
not associated with sarcolemmal mem-
brane; cSR is found in mammalian
atrial myocytes and avian myocytes

where resting body temperature follows
ambient temperature because the organ-
ism is unable to retain metabolic heat


http://dx.doi.org/10.1113/jphysiol.1995.sp020836
http://dx.doi.org/10.1113/jphysiol.1995.sp020836
http://dx.doi.org/10.1113/EP085136
http://dx.doi.org/10.1152/physrev.00033.2020
http://dx.doi.org/10.1152/ajpregu.00443.2005
http://dx.doi.org/10.1152/ajpregu.00443.2005
http://dx.doi.org/10.1152/ajpregu.00419.2002
https://doi.org/10.1016/S1095-6433(99)00040-9
http://dx.doi.org/10.1007/BF00657237
http://dx.doi.org/10.1007/BF00657237
http://dx.doi.org/10.1007/s002329900281
http://dx.doi.org/10.1007/s002329900281
http://dx.doi.org/10.1007/BF00238004
http://dx.doi.org/10.1007/BF00232590
http://dx.doi.org/10.1161/01.res.69.3.810
http://dx.doi.org/10.1016/0735-1097(92)90629-2
http://dx.doi.org/10.1242/jeb.202.18.2531
http://dx.doi.org/10.1242/jeb.003145
http://dx.doi.org/10.1085/jgp.72.5.667
http://dx.doi.org/10.1086/physzool.64.5.30156237
http://dx.doi.org/10.1085/jgp.200609543
http://dx.doi.org/10.1038/273509a0
http://dx.doi.org/10.1161/01.res.49.3.767
http://dx.doi.org/10.1016/j.yjmcc.2004.04.010
http://dx.doi.org/10.1152/ajpheart.1983.245.4.H567
http://dx.doi.org/10.1152/ajpheart.1983.245.4.H567
http://dx.doi.org/10.1242/dmm.040691
http://dx.doi.org/10.1126/science.aar2038
http://dx.doi.org/10.1126/science.aar2038
http://dx.doi.org/10.1242/jeb.132282
http://dx.doi.org/10.1242/jeb.132282
http://dx.doi.org/10.1098/rspb.2005.3333
http://dx.doi.org/10.1098/rspb.2005.3333
http://dx.doi.org/10.1242/bio.017160
http://dx.doi.org/10.1002/1097-010x(20010101/31)289:1%3C48::aid-jez5%3E3.0.co;2-s
http://dx.doi.org/10.1002/1097-010x(20010101/31)289:1%3C48::aid-jez5%3E3.0.co;2-s
http://dx.doi.org/10.1002/1097-010x(20010101/31)289:1%3C48::aid-jez5%3E3.0.co;2-s
http://dx.doi.org/10.1146/annurev-physiol-021119-034618
http://dx.doi.org/10.1146/annurev-physiol-021119-034618
http://dx.doi.org/10.1002/jez.10114
http://dx.doi.org/10.1002/jez.10114
http://dx.doi.org/10.1111/j.1095-8649.2002.tb02390.x
http://dx.doi.org/10.1111/j.1095-8649.2002.tb02390.x
http://dx.doi.org/10.1139/g04-015
https://ourworldindata.org/biodiversity/birds
https://ourworldindata.org/biodiversity/birds

endothermy

extended-junctional
SR (¢jSR)

free SR

junctional SR (jSR)

non-avian reptiles

ability to raise body temperature above
ambient while at rest through retention
of metabolically derived heat
specialized form of jSR found in birds with
rapid heart rates; ejSR extends from jSR at
the cell periphery into the centre of the
myocyte containing CRUs not associated
with the sarcolemmal membrane
non-junctional SR that contains SERCA
pumps and forms the bulk of the SR
membrane

portion of the SR membrane containing
CRUs that forms couplings with the
sarcolemmal membrane

the monophyletic group that includes rep-
tiles, also includes birds (figure 1); thus,
non-avian reptile is used in modern cla-
distics, in reference to the group of
animals traditionally described as reptiles
(such as turtles, lizards, snakes, croco-
diles) but not including birds

peripheral couplings
(PCs)

ploidy

precocial

coupling of jSR and sarcolemmal mem-
branes at the cell surface where Ca?*-
induce Ca?* release occurs

reference to the number of complete sets
of chromosomes contained within a cell;
typical cells are diploid with two
copies; polyploidy can occur owing to
multiple copies of the chromosome set
within a single nucleus or by having mul-
tiple nuclei within a single cell

birds that are hatched with feathers, an
established heat balance, and can pro-
cure food by themselves
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