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and increased time to 50 % relaxation in atrial tissue from 
smooth dogfish at 30 °C. It also increased times to peak 
force and half relaxation in clearnose skate atrial and ven-
tricular tissue at both temperatures, but only in atrial tissue 
from sandbar shark at 30 °C; indicating that SR involve-
ment in excitation–contraction (EC) coupling is species- 
and temperature-specific in elasmobranch fishes, as it is in 
teleost fishes. Atrial and ventricular myocardium from all 
three species displayed a negative force–frequency rela-
tionship, but there was no evidence that SR involvement in 
EC coupling was influenced by heart rate. SR was evident 
in electron micrographs, generally located in proximity to 
mitochondria and intercalated discs, and to a lesser extent 
between the myofibrils; with mitochondria being more 
numerous in ventricular than atrial myocardium in all three 
species.
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CICR	� Ca2+-induced Ca2+-release
+dF/dtmax	� Maximum rate of force development 
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−dF/dtmin	� Maximum rate of relaxation (mN mm−2 s−1)
DMSO	� Dimethyl sulfoxide
EC	� Excitation–contraction
ECG	� Electrocardiogram
G	� Glycogen storage granules
h	� Hours
Hz	� Hertz
ICD	� Intercalated discs
kHz	� Kilohertz
M	� Mitochondria
min	� Minutes

Abstract  We assessed the functional properties in atrial 
and ventricular myocardium (using isolated cardiac strips) 
of smooth dogfish (Mustelus canis), clearnose skate (Raja 
eglanteria), and sandbar shark (Carcharhinus plumbeus) 
by blocking Ca2+ release from the sarcoplasmic reticu-
lum (SR) with ryanodine and thapsigargin and measuring 
the resultant changes in contraction–relaxation parameters 
and the force–frequency relationship at 20 °C and 30 °C. 
We also examined ultrastructural differences with electron 
microscopy. In tissues from smooth dogfish, net force (per 
cross-sectional area) and measures of the speeds of con-
traction and relaxation were all higher in atrial than ventric-
ular myocardium at both temperatures. Atrial-ventricular 
differences were evident in the other two species primar-
ily in measures of the rates of contraction and relaxation. 
Ryanodine-thapsigargin treatment reduced net force and 
its maximum positive first derivative (i.e., contractility), 
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mm	� Millimeter
mN	� MilliNewtons
ms	� Millisecond
MHC	� Myosin heavy chains
NCX	� Na+–Ca2+ exchanger
nm	� Nanometers
P	� Probability
s	� Seconds
SL	� Sarcolemma
SERCA	� SR Ca2+-ATPase
SR	� Sarcoplasmic reticulum
Z	� Z-line

Introduction

The mechanisms involved in ventricular filling in elasmo-
branch fishes are similar to those of other vertebrates (Lai 
et al. 1996, 2004; Brill and Lai 2016). Across vertebrate spe-
cies, ventricular filling occurs primarily as a result of venous 
pressure returning blood to the heart, with atrial contraction 
supplying the final fraction (~10–30 %) of end-diastolic ven-
tricular volume (Lo et al. 1999; Bootman et al. 2006; Cotter 
et al. 2008). Atrial contraction has, moreover, been proposed 
to provide appropriate adjustments in end-diastolic ventric-
ular volume (i.e., the “final kick”, Korajoki and Vornanen 
2012) so as to match cardiac output (through changes in 
stroke volume) and rates of circulatory system oxygen deliv-
ery to metabolic oxygen requirements (Farrell and Jones 
1992; Aho and Vornanen 1999). This requires an appropriate 
atrial-ventricular delay in the conduction of the electrical sig-
nal stimulating contraction, and that the atrial myocardium 
contract and relax prior to ventricular systole (i.e., the time 
course of contraction and relaxation in atrial myocardium 
be shorter than in ventricular myocardium). Recordings of 
chamber-specific electrical activity (shown in ECG records) 
and echocardiographic assessments of chamber-specific flow 
and filling patterns have shown that these occur in elasmo-
branch fishes, as they do in other vertebrates (Lai et al. 1996, 
1998, 2004). A shorter atrial contraction also provides a 
longer time for atrial filling during atrial diastole.

The contraction and relaxation of vertebrate myocar-
dium is controlled by the rise and fall (respectively) of 
intracellular free calcium (Ca2+), which binds to troponin 
C and removes the inhibition between the thin and thick 
filaments (Bers 2002; Gillis and Klaiman 2011). Increases 
in intracellular Ca2+ result from a combination of an 
influx of extracellular (i.e., trans-sarcolemmal) Ca2+ and 
that released from the sarcoplasmic reticulum (SR) (Galli 
and Shiels 2012; Shiels and Galli 2014). In mammals, SR 
Ca2+ release is the predominate mechanism and occurs in 
response to the initial increase in intracellular free Ca2+ 
(the so-called “Ca2+ induced Ca2+ release”, “CICR”) (Bers 

2002). In contrast, the degree of involvement of trans-sar-
colemmal Ca2+ influx in excitation–contraction (EC) cou-
pling in ectothermic vertebrates is generally considered 
to be of greater importance than SR Ca2+ release (Tibbits 
et  al. 1992; Galli and Shiels 2012; Gamperl and Shiels 
2014; Shiels and Galli 2014; Shiels and Sitsapesan 2015), 
albeit with some exceptions. SR Ca2+ release has a signifi-
cant role in excitation–contraction (EC coupling) in species 
capable of exceptional high heart rates, blood pressures, or 
cardiac outputs (e.g., tunas and varanid lizards) (Keen et al. 
1992; Shiels et al. 1999; Galli et al. 2006). The same has 
been found in atrial and ventricular myocytes isolated from 
rainbow trout (Oncorhynchus mykiss) under elevated tem-
peratures, or under conditions simulating those requiring 
higher contractility (e.g., during stress or exercise) (Shields 
et  al. 2002a; Cros et  al. 2014). To complete the cardiac 
cycle, relaxation of cardiac myocytes occurs when intra-
cellular Ca2+ is pumped back into the SR by the SR Ca2+-
ATPase (SERCA) and actively transported across the sar-
colemma by the Ca2+ pump and the Na+–Ca2+ exchanger 
(NCX) (Bers 2002).

The general predominance of SL Ca2+ in EC coupling 
in teleost ventricular myocardium is adequate because of 
fishes’ lower heart rates, cardiac outputs, and smaller myo-
cardial cells (i.e., cells with a higher surface to volume 
ratio) compared to mammals (Farrell 1991; Farrell and 
Jones 1992; Tibbits et al. 1991; Vornanen et al. 2002b). As 
pointed out in recent reviews (Shiels and Galli 2014; Brill 
and Lai 2016), the relative importance of trans-sarcolem-
mal and SR Ca2+ movements to EC coupling in elasmo-
branch myocardium has received much less attention than 
in other vertebrates. Nonetheless, the mechanisms underly-
ing the action potential and EC coupling at least in spiny 
dogfish (Squalus acanthias) myocardium appear largely 
congruent with other vertebrates (Maylie et al. 1994; May-
lie and Morad 1979, 1981, 1995; Brill and Lai 2016). In 
elasmobranch myocytes (because of their small size and 
lack of a T-tubule system), trans-sarcolemmal calcium 
movement is generally considered sufficient for EC cou-
pling, with CICR from the SR playing a minor role (Maylie 
et  al. 1979; Thomas et  al. 1996). Supportive of this con-
clusion is the observation that contraction of ventricular 
myocytes from spiny dogfish is blocked by nifedipine (a 
calcium channel blocker primarily affecting voltage-gated 
L-type calcium channels) (Näbauer and Morad 1992). The 
anatomical presence of SR in ventricular myocytes from 
spiny dogfish has, however, been qualitatively described 
as “considerable” and “frequently observed” (Maylie 
et al. 1979), implying a functional role of SR Ca2+ release 
under some circumstances. SR Ca2+ storage capability in 
the heart from little skate (Raja erinacea) has also been 
reported to be more developed than in hearts from teleost 
fishes (Driedzic and Gesser 1988).
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In addition to species-specific differences, atrial and 
ventricular myocardium evince tissue-specific differ-
ences that extend from the molecular to the anatomical 
level, EC coupling and action potential (AP) morphology, 
and functional properties (Aho and Vornanen 1999; Boot-
man et al. 2006; Galli and Shiels 2012; Genge et al. 2012, 
2013; Shiels and Galli 2014). For example, across a range 
of vertebrate species, atrial myocardium has been shown 
to contain up to three times the SR volume of ventricular 
myocardium, as well as significantly greater SR Ca2+ loads 
and SERCA activity (Haverinen and Vornanen 2009; Kora-
joki and Vornanen 2012, 2014; Shiels and Galli 2014). The 
role of SR Ca2+ release to EC coupling has been frequently 
assessed using ryanodine (a specific blocker of the SR Ca2+ 
release channel) often in combination with thapsigargin (a 
specific inhibitor of the SR Ca2+ ATPase pump) with the 
measure of SR involvement being the fractional reduction 
in the force of contraction following treatment (e.g., Rous-
seau et al. 1987; Sagara and Inesi 1991; Shiels and White 
2005). By this measure, atrial myocardium in some (but not 
all) ectothermic and endothermic species evinces a larger 
reliance on SR Ca2+ release than ventricular myocardium 
(reviewed in Shiels and Galli 2014).

In mammals, contraction of the atrium is thought to pro-
vide up to ~30  % of the end-diastolic ventricular volume 
under stressful conditions (Bootman et al. 2006). Likewise, 
in both teleost and elasmobranch fishes, digital angiogra-
phy, echo-Doppler cardiography, and simultaneous pres-
sure measurement in the atrium and ventricle have shown 
that ventricular filling is biphasic. The first phase occurs 
due to blood flow into the ventricle during atrial diastole, 
and the second during atrial systole (Lai et al. 1998; Cot-
ter et  al. 2008; Brill and Lai 2016). Atrial contraction is, 
therefore, an important determinant of end-diastolic vol-
ume. End-diastolic volume is, in turn, a controlling factor 
in stroke volume through the well-known Frank–Starling 
mechanism (i.e., the ability of the heart to increase its force 
of contraction and stroke volume in response to an increase 
in end-diastolic volume), and therefore cardiac output. All 
this requires appropriate timing of atrial and ventricular 
contraction–relaxation cycles, including that the contrac-
tion–relaxation cycle be more rapid in atrial than ventric-
ular myocardium. This is reflected in the shorter action 
potential and the larger dependence on SR Ca2+ release in 
atrial myocardium (Vornanen and Tuomennoro 1999; Vor-
nanen et al. 2002a).

Within species, the relative importance of trans-sar-
colemmal and SR Ca2+ to EC coupling is affected by 
both acute temperature change and temperature acclima-
tion (Korajoki and Vornanen 2009, 2012, 2014; Meth-
ling et al. 2012). This occurs in addition to tissue-specific 
(i.e., atrial and ventricular) (Genge et al. 2012, 2013) and 
species-specific differences in the relative importance of 

trans-sarcolemmal and SR Ca2+ to EC coupling (Galli 
2006; Galli et  al. 2006, 2009; Galli and Shiels 2012; 
Shiels et al. 1999). The former happens primarily through 
the effect of temperature on the gating properties of the 
SR Ca2+-release channels (i.e., the so-called “ryano-
dine receptors”) as described in detail by Shiels and Galli 
(2014) and Shiels and Sitsapesan (2015). Fish occupying 
shallow marine inshore environments at temperate lati-
tudes (and equivalent freshwater habitats) can be exposed 
to both acute and seasonal changes in water temperature, 
oxygen levels, and pH (Baumann et  al. 2015; Breitburg 
et  al. 2015a, b; Hofmann et  al. 2011; Reum et  al. 2014). 
Accordingly, they must be able to regulate cardiac output 
(i.e., heart rate and stroke volume) and the contractility of 
cardiac myocytes appropriately to satisfy metabolic oxy-
gen requirements (both of the tissue downstream and the 
myocardium itself) under a broad range of environmental 
conditions (Olson and Farrell 2006). To this end, acclima-
tion to low temperature has been shown to increase the 
importance of SR Ca2+ release in rainbow trout as demon-
strated by a greater reduction of contractile force follow-
ing application of ryanodine (Keen et  al. 1994; Aho and 
Vornanen 1999), as well to increase the activity of the SR 
Ca2+ pump (Aho and Vornanen 1998, 1999; Korajoki and 
Vornanen 2012). Although myocardial tissues from other 
species (e.g., crucian carp, Carassius carassius and burbot, 
Lota lota) show either a decrease or no change in SR Ca2+ 
pump activity (respectively) with low temperature acclima-
tion, responses are tissue-specific (Korajoki and Vornanen 
2014). In teleost fishes, moreover, the SR Ca2+ release 
channel is temperature dependent with a higher degree of 
involvement following increases in temperature which are 
generally accompanied by increases in heart rate and meta-
bolic oxygen requirements (Shiels and Farrell 1997; Shiels 
et al. 2002a; Galli and Shiels 2012).

Based on the similarity of EC coupling mechanisms in 
elasmobranch fishes to those of other vertebrates (Brill and 
Lai 2016), we suspect the responses of elasmobranch myo-
cardium to temperature change will be broadly similar to 
those of other ectotherms. Subsequent to their major diver-
sification in the Permian (250 × 106 years ago), however, 
members of the Elasmobranchii (i.e., sharks and rays) have 
come to occupy almost all aquatic environments (from the 
pelagic zone to the abyssal depths, and even into freshwa-
ters); to inhabit latitudes from the tropics to the high Arc-
tic (Klimley 2013). They also display an equivalent broad 
diversity of body morphologies, life styles, life histories, 
feeding and reproductive strategies, and energetics (Klim-
ley 2013). Given this, and the broad diversity of the func-
tional characteristics in the cardiovascular systems of elas-
mobranch fishes (Brill and Lai 2016), we contend that the 
functional properties of their atrial and ventricular myocar-
dium are likely to show a level of diversity equivalent to 
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those seen in other ectothermic vertebrates. Previous stud-
ies of cardiac function have, however, often used one elas-
mobranch species (e.g., spiny dogfish) as a representative 
for all.

Our primary objectives were therefore:

1.	 to determine if differences exist in the functional 
characteristics of atrial and ventricular myocardium, 
including the involvement of SR Ca2+ release in the 
EC coupling at different temperatures;

2.	 to provide a cross-species examination of the involve-
ment of SR Ca2+ release in EC coupling in elasmo-
branch myocardium at different temperatures and con-
traction frequencies.

For clarity we divide our results into three parts: (1) 
absolute values, (2) relative change following treatment 
with ryanodine and thapsigargin, and (3) force–frequency 
data.

These aspects of myocardial function are well studied 
in teleost, but not elasmobranch fishes. This lack of infor-
mation on elasmobranch myocardial function is exempli-
fied by the extensive reviews of the effects of temperature 
on myocardial function and compensatory mechanisms in 
fishes (Vornanen et  al. 2002a; Gamperl and Shiels 2014), 
and the functional roles of SR in vertebrate hearts (Shiels 
and Galli 2014), all of which include data only on teleost 
fishes. Likewise, the review of force–frequency relation-
ships by Shiels et  al. (2002b) contains the only reference 
currently available (to the best of our knowledge) concern-
ing the force–frequency relationships in elasmobranch 
myocardium, that of Driedzic and Gesser (1988). Similarly, 
the role of adrenergic stimulation maintaining cardiac func-
tion during acute reductions in temperature, hypoxia, and 
acidosis is well described in teleost fishes (reviewed by 
Gamperl and Shiels 2014), but likewise remains compara-
tively less studied in elasmobranch fishes, with the excep-
tion of studies by Davie and Farrell (1991) and Davie and 
Franklin (1992).

We investigated the relative roles of extracellular (i.e., 
trans-sarcolemmal) and intracellular (i.e., SR) sources of 
Ca2+ to EC coupling in atrial and ventricular tissue taken 
from three phylogenetically divergent elasmobranch spe-
cies (representing two orders and three families): smooth 
dogfish [Mustelus canis, family Triakidae (houndsharks), 
order Carcharhiniformes (ground sharks)], sandbar shark 
[Carcharhinus plumbeus, family Carcharhinidae (requiem 
sharks), order Carcharhiniformes (ground sharks)], and 
clearnose skate [Raja eglanteria, family Rajidae (skates), 
order Rajiformes (skates and rays)]. These three species 
have sympatric distributions over the continental and insu-
lar shelves and within the tidal estuaries of the northeast 
and mid-Atlantic US east coast. They thus reside in inshore 

and near shore environments occupied by ~35  % of the 
882 chondrichthyan species for which habitats are known 
(Compagno 1990). Smooth dogfish, sandbar shark, and 
clearnose skate do not, however, generally occupy the same 
areas in the northwest Atlantic Ocean at the same time 
of year because of differences in their thermal ecologies 
(Collette and Klein-MacPhee 2002; Grubbs and Musick 
2007; Grubbs et  al. 2007; Conrath and Musick 2008). In 
the mid-Atlantic Bight (the area from which the individu-
als used in this study were captured), smooth dogfish occur 
over a temperature range of ~5–28 °C, but are most com-
mon at 10–22 °C (Kiraly et al. 2003); sandbar shark occupy 
warm (~23–27 °C) coastal and adjacent offshore waters 
(Compagno 1984; McCandless et  al. 2007; Conrath and 
Musick 2008; Able and Fahay 2010); and clearnose skate 
occur over a temperature range from ~9–30 °C, but prefer 
~9–21 °C (McEachran and Musick 1975; Schwartz 1996; 
Collette and Klein-MacPhee 2002). We also note that these 
three species are of different ecomorphotypes as defined by 
Compagno (1990). Smooth dogfish is a relatively sluggish 
demersal species primarily feeding on decapod crustaceans; 
sandbar shark is an obligate ram ventilating active demersal 
species feeding mainly on bony fishes, small sharks, cepha-
lopods, gastropods, shrimps, blue crabs and mantis shrimp 
(Medved and Marshall 1981; Medved et al. 1985; Stillwell 
and Kohler 1993); and clearnose skate is a largely seden-
tary benthic species feeding primarily on decapod crusta-
ceans, bivalves, polychaete worms, squids, and fishes.

Materials and methods

Experimental animals

All animal capture, care, and experimental protocols and 
procedures were approved by the College of William and 
Mary Institutional Animal Care and Use Committee (proto-
col IACUC-2015-03-23-10286-rwbril; Cardiac function in 
elasmobranch fishes), followed the ethical standards of the 
Virginia Institute of Marine Science, and were in accord-
ance with applicable laws and regulations. Experiments 
on cardiac tissue collected from smooth dogfish, sandbar 
shark, and clearnose skate were conducted at the Virginia 
Institute of Marine Science, Eastern Shore Laboratory 
(Wachapreague, VI, USA) during May through August in 
2013, 2014, and 2015. Specimens were caught using stand-
ard recreational hook-and-line fishing gear either in the 
coastal tidal lagoon system adjacent to the Eastern Shore 
Laboratory or immediately offshore. Smooth dogfish and 
clearnose skate were maintained in indoor tanks with water 
continuously recirculated through a biofilter and ultravio-
let sterilizer. Water temperature (20 ±  1 °C) reflected the 
ambient temperatures in the areas from which they were 
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captured. Sandbar sharks were kept in an outdoor circular 
fiberglass tank (~8 m diameter and ~2 m deep), which was 
shaded with a black mesh cloth awning to protect the ani-
mals from direct sunlight. The tank was continuously sup-
plied with filtered seawater from the adjacent tidal lagoon, 
and the water within the tank was continuously recirculated 
through a biofilter and ultraviolet sterilizer. Because of the 
large volume of water required to hold sandbar shark (an 
obligate ram ventilating species), it was not feasible to con-
trol water temperature (which ranged from ~24–26 °C and 
reflected ambient temperatures in the areas from which the 
fish were captured). Salinity in all holding tanks ranged 
from 30–34 PSU. Animals were housed for 1–8  weeks 
before use in an experiment and fed approximately every 
other day.

Isolated heart strip procedures

Animals were euthanized with an overdose of sodium 
pentobarbital (~350 mg kg−1 body mass, which is approxi-
mately ten times the anesthetic dose) and then weighed. 
The heart was then immediately removed, and the conus 
arteriosus and atria separated from the ventricle. The ven-
tricle was weighed and both it and the atria were placed in 
cold oxygenated elasmobranch Ringers solution (concen-
trations in mM: 360 urea, 280 NaCl, 90 trimethylamine 
oxide, 10 CaCl2·2H2O, 5 MgCl·6H2O, 5 glucose, 12 KCl, 
4.5 NaHCO3, 0.5 NaH2PO4, pH 7.8). The formulation was 
based on Thompson and O’Shea (1997) and Cooper and 
Morris (2004). The Ca2+ level we employed is well above 
in  vivo plasma concentrations in elasmobranch fishes 
reported by Marshall et  al. (2012) (2.3–3.3 mM) and that 
used in a previous study of the force–frequency relation-
ships of elasmobranch fishes (Driedzic and Gesser 1988). 
In preliminary trials, however, we found that under our 
experimental conditions elasmobranch myocardial strips 
were unresponsive to electrical stimulation at calcium con-
centrations in the in  vivo range. We checked the Ringers 
solution prior to use and did not see any indication of Ca2+ 
precipitation (e.g., cloudiness or settled flocculent).

Four myocardial strips (~1 mm × 10 mm) were cut from 
both the atria and ventricle obtained from each individual. 
The myocardial strips were mounted between stationary tis-
sue clips and Fort 10 force transducers, and lowered into 10 
or 14 ml organ baths (Myobath II; World Precision Instru-
ments, Sarasota, FL USA) filled with oxygenated Ringers 
solution. The output signals from the force transducers 
were amplified with a Transbridge 4  M amplifier (World 
Precision Instruments), digitized at a 1 kHz sampling fre-
quency using Daqbook 120 A/D system (Measurement and 
Computing Corp., Norton, MA, USA), and recorded with 
custom designed software developed using Dasylab version 
9 (Measurement and Computing Corp.). Myocardial strips 

were stimulated by square wave pulses (5  ms duration) 
generated with a Grass SD9 (constant voltage) stimulator 
(Astro-Med Inc., West Warwick, RI, USA). The average 
(and range) of stimulus amplitudes were: smooth dogfish 
70 V (20–110 V), sandbar shark 103 V (60–110 V), and 
clearnose skate 83 V (40–110 V). Immediately after mount-
ing, the strips were tensioned to remove slack and allowed 
to rest (i.e., not stimulated) for 30  min. They were then 
stimulated at 0.2 Hz and further tensioned until a maximum 
response was measured. Stimulus amplitudes were subse-
quently adjusted to produce maximal force of contractions 
after which the strips were paced at 0.2 Hz for an additional 
20 min before trials were initiated.

We assessed the contribution of SR Ca2+ to force gen-
eration in two of the chambers by measuring the effects of 
the addition of ryanodine and thapsigargin (Ascent Scien-
tific, Princeton, NJ, USA), with final reagent concentration 
in chambers being 10 and 2.5 μM, respectively. The other 
two chambers received equivalent volumes of 0.9 % saline 
(100 or 140 μl, depending on chamber volume) or dimethyl 
sulfoxide (DMSO, 32 or 45 μl, depending on chamber vol-
ume) that were the solvents for ryanodine and thapsigargin, 
respectively. The latter are henceforth referred to as “con-
trol myocardial strips”. (The added solvent volumes were 
~1 and ~0.3 % of chamber volumes, respectively.) The data 
used for these assessments were those recorded immedi-
ately before, and 40 min after the addition of the reagents 
for both control myocardial strips and those treated with 
ryanodine and thapsigargin. Data from the control myocar-
dial strips were used to account to any changes in measured 
parameters occurring over time.

To generate force–frequency data, stimulus frequency 
was increased in 0.2 Hz increments every 60 s, until con-
tractions were no longer stable at a given frequency. This 
relatively short duration at stimulus frequencies above 
0.2 Hz was chosen specifically to minimize any effects of 
fatigue or constraints on force development due the rate of 
oxygen diffusion from the surrounding Ringers solution to 
the interior of the muscle strips. Preliminary observations 
showed that net force stabilized within this stimulus period. 
Data at all stimulus frequencies were the mean of values 
taken from ten contractions. All tests were carried out at 
both 20 and 30 °C on separate sets of myocardial strips 
from all three species. A subset of measurements was also 
obtained at 25 °C using tissue from sandbar shark, as they 
were maintained close to this temperature during their time 
in captivity.

After each experiment, length (in mm) and wet mass (in 
mg) of each muscle strip were recorded and the cross-sec-
tional area (in mm2) calculated assuming that the strip was 
cylindrical and muscle density = 1.06 mg mm−3:

(1)Cross-sectional area = (mass/1.06)/length.
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The net force produced (in milliNewtons, mN) relative 
to cross-sectional area (mm2) was calculated using 1  mg 
force = 9.8066 × 10−3 mN.

Data analysis and statistical procedures

Software developed in Matlab (The Mathworks Inc., 
Natick, MA, USA) was used to calculate the following 
values from each contraction recorded in the digital data 
record: net force (mN  mm−2), time to peak force (ms), 
time to half relaxation (ms), the maximum first deriva-
tive of force (i.e., maximum rate of force development, 
+dF/dtmax, mN mm−2 s−1), and the minimum first deriva-
tive of force (i.e., maximum rate of relaxation, −dF/dtmin, 
mN mm−2  s−1). The values of these parameters and their 
relative (%) change due to ryanodine-thapsigargin treat-
ment, or addition of 0.9  % saline and DMSO in control 
myocardial strips, were calculated using the mean of values 
taken from ten contractions.

As recommended by Weissgerber et al. (2015) for pres-
entation and analysis of small sample sizes from continu-
ous data, we present the values for body mass, ventricular 
mass, relative ventricular mass, contraction–relaxation 
parameters, and relative changes resulting from the addi-
tion of ryanodine and thapsigargin or 0.9  % saline and 
DMSO (in control myocardial strips) as box plots (pro-
duced using Sigmaplot, ver. 11.2), include the individual 
data points to allow visual comparison of the distributions 
and scatter, and employ nonparametric statistical proce-
dures. Pairwise differences in the median values of relative 
ventricular mass and the contraction–relaxation parameters 
were analyzed using the nonparametric Mann–Whitney 
rank sum test (Paleontological Statistics, PAST, ver. 3.09) 
with significance assumed when P < 0.05. Significant dif-
ferences between values obtained at 20 and 30 °C, within 
species and tissue type, were tested similarly. Significant 
differences between species, but within tissue type and 
at the same temperature, were tested using Kruskal–Wal-
lis One Way Analysis of Variance on Ranks procedure, 
with all possible pairwise multiple comparison done using 
Dunn’s Method (Sigmaplot, ver. 11.2). The effects of the 
addition ryanodine and thapsigargin on median values of 
contraction–relaxation parameters were likewise analyzed 
using the nonparametric Mann–Whitney rank sum test, 
with P < 0.05 taken as indicating significant differences in 
all cases.

Protocol for electron microscopy

Atrial and ventricular myocardial tissue samples 
(~1 mm × 1 mm) were isolated from one smooth dogfish, 
three sandbar shark, and two clearnose skate; then imme-
diately fixed in a 2  % glutaraldehyde in 0.05  M sodium 

phosphate buffer (pH 7.4). The fixative was changed after 
24  h. The samples were refrigerated until shipped to the 
University of Copenhagen where they were subsequently 
rinsed three times in 0.15 M sodium cacodylate buffer (pH 
7.4) and post-fixed in 1 % osmium tetroxide with 0.05 M 
potassium ferricyanide in 0.12 M sodium cacodylate buffer 
(pH 7.4) for 2  h. The samples were then dehydrated in a 
graded series of ethanol concentration, transferred to pro-
pylene oxide, and embedded in Epon according to standard 
procedures (Luft 1977). Sections (~60 nm thick) were cut 
with a Reichert-Jung Ultracut E microtome and collected 
on copper grids with Formvar supporting membranes. Sec-
tions were stained with uranyl acetate and lead citrate and 
examined with a Philips CM 100 transmission electron 
microscope (Philips, Eindhoven, The Netherlands), oper-
ated at an accelerating voltage of 80  kV. Digital images 
were recorded with a Veleta digital slow scan 2  k ×  2  k 
pixel charge coupled device camera and the associated soft-
ware package (Olympus Soft Imaging Solutions GMBH, 
Münster, Germany).

Results

Body mass, ventricular mass, and relative ventricular 
mass

There was general overlap in the ranges of body mass, ven-
tricular mass, and relative ventricular mass [i.e., the ratio of 
ventricular mass (g) to body mass (kg)] of the individuals 
available for our study (Fig. 1). There were also no signifi-
cant differences in the median values for relative ventricu-
lar mass from smooth dogfish, sandbar shark, and clearnose 
skate.

Functional differences in atrial and ventricular 
myocardium within species

Atrial and ventricular myocardium from smooth dogfish 
showed the most consistent differences. These encom-
passed both net force and the parameters relating to rates of 
force development and relaxation (i.e., time to peak force, 
time to half relaxation, +dF/dtmax, and −dF/dtmin) at both 
20 and 30 °C (Fig. 2). Atrial and ventricular myocardium 
from sandbar shark and clearnose skate also showed sig-
nificant differences, but only in parameters relating to rates 
of force development and relaxation, and not at all tem-
peratures (Fig.  2). More specifically, atrial tissue showed 
significantly shorter times to peak force and times to half 
relaxation in both species at 20 °C, as did atrial tissue from 
clearnose skate at 30 °C. Likewise, +dF/dtmax (i.e., “con-
tractility”) was significantly higher in atrial than ventricular 
myocardium from sandbar shark and clearnose skate only 
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at 30 °C (Fig.  2); and maximum rate of relaxation (i.e.,  
−dF/dtmin) was higher in atrial tissue from the former spe-
cies only at 30 °C (Fig. 2). We also note that atrial and ven-
tricular myocardial tissue from sandbar shark demonstrated 
significant differences in all measured parameters at 25 
°C (Fig.  2), which was the test temperature most closely 
approximating the temperature in their holding tank.

Effect of temperature within tissue types

As expected, higher temperature generally resulted in 
decreased times to peak force and half relaxation in both 
atrial and ventricular myocardium in all three species 
(Fig. 2). In contrast, there were negative effects of increas-
ing temperature on net force in ventricular myocardium 
from smooth dogfish and clearnose skate, but not in either 
myocardial tissue from sandbar shark; and no effect of tem-
perature on +dF/dtmax and −dF/dtmin in any of the three 
elasmobranch species (Fig. 2). The effects of temperature 
(on those parameters where an increase of temperature had 
a significant effect) were calculated as Q10 values (i.e., the 
fractional change per 10 °C temperature change, Prosser 
1973) from those instances where data were available for 
two temperatures (20 and 30 °C) from the same individual. 
Median Q10 values ranged from 1.5 to 2.5 (Fig.  3). The 
Kruskal–Wallis test showed only a marginally significant 
difference (P  =  0.049) between median Q10 values, and 
the Mann–Whitney pairwise comparison with Bonferroni 
corrected P values was unable to isolate specific pairwise 
differences.

Functional differences between species within tissue 
types and temperature treatments

There were functional differences between species within 
tissue type (i.e., atrial or ventricular tissue) and tempera-
ture treatment (Table  1). The most numerous significant 
differences in functional properties, occurring in nine of 
30 possible pairwise comparisons at 20 °C, and eight of 
30 possible pairwise comparisons at 30 °C, were between 
myocardial tissue from smooth dogfish and the other two 
species. Time to 50  % relaxation was the only functional 
property where atrial and ventricular tissue from smooth 
dogfish demonstrated no significant differences with those 
of the other two species at both 20 and 30 °C (Table 1). In 
contrast, there were only two significant differences when 
comparisons are made between the functional properties of 
ventricular myocardium from sandbar shark and clearnose 
skate at 20 °C, and no significant differences when com-
parisons were made between the functions properties of 
ventricular myocardium from sandbar shark and clearnose 
skate at 30 °C.

Relative changes after treatment with ryanodine 
and thapsigargin

Treatment with ryanodine and thapsigargin resulted in both 
tissue- and species-specific changes in functional proper-
ties; and a temperature effect was also observed. Most nota-
bly the effect of ryanodine and thapsigargin was especially 
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Fig. 1   The body masses, ventricular masses, and relative ventricular 
masses [i.e., the ratios of ventricular mass (g) to body mass (kg)] of 
the smooth dogfish, sandbar shark, and clearnose skate used in our 
study. The solid lines within the boxes mark the median values, the 
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tiles. Data points between the 90th and 10th percentiles are shown as 
circles and those outside this interval as squares. The number of indi-
viduals from which data were obtained (“n”) are shown above each 
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large on net force produced by atrial tissue from smooth 
dogfish at 30 °C; removal of the contribution of SR Ca2+ 
release to EC coupling resulted in a median reduction of 
66 % at 30 °C (Fig. 4). This is more than twice the reduc-
tion in net force occurring in control myocardial strips 
(25 % at 30 °C), and the net difference (41 %) is consid-
ered the contribution of SR Ca2+ to net force development 
(Galli and Shiels 2012). Atrial myocardium from smooth 
dogfish also showed a significant decrease in +dF/dtmax 
at 30 °C, as well as significant (albeit small) increases in 
time to half relaxation at both 20 and 30 °C (Fig.  4); the 
latter implying a contribution SR Ca2+ uptake to relaxation. 
Atrial myocardium from sandbar shark likewise showed 
a significant increase in time to half relaxation at 30 °C 
(Fig.  4); again indicating a significant contribution SR 
Ca2+ uptake to relaxation at the higher temperature. Atrial 
myocardium from clearnose skate showed small increases 
in time to peak force at both 20 and 30 °C, whereas both 
atrial and ventricular myocardium showed increases in time 
to half relaxation at both temperatures (Fig. 4). The median 
fractional change in time to half relaxation in response to 
the application of ryanodine and thapsigargin in clearnose 
skate was, however, significantly larger in atrial and ven-
tricular myocardium at 20 °C (~29  %) than the changes 
displayed by these tissues at 30 °C (Fig. 4).

Force–frequency relationship

Atrial and ventricular myocardium from all three species 
had generally negative force–frequency relationships at 
both 20 and 30 °C (Fig. 5). There were, however, notable 
species-specific differences in the maximum stimulus fre-
quencies at which coordinated contractions were main-
tained, especially at 30 °C; these were 2.4 Hz in myocar-
dium from smooth dogfish, compared to 1.4 and 1.0 Hz in 
tissue from sandbar shark and clearnose skate, respectively. 

The species-specific differences in the maximum stimulus 
frequencies at which coordinated contractions could be 
maintained were, however, smaller at 20 °C. These were 
1.0  Hz in myocardium from smooth dogfish and sandbar 
shark; compared to 0.6 Hz in tissue from clearnose skate.

In contrast to the differences in contraction–relaxation 
parameters between atrial and ventricular myocardium at 
0.2  Hz stimulus frequency (Fig.  2), the changes in con-
traction–relaxation parameters occurring with increases 
in stimulus frequency were generally similar in atrial and 
ventricular myocardium; with the exception in time to 
half relaxation in atrial and ventricular myocardium from 
smooth dogfish at 20 °C (Fig. 5). In this case, the former 
showed a steep decrease in time to half relaxation with 
increases in stimulus frequency above 0.6  Hz, whereas 
the latter did not. The effects of exposure to ryanodine 
and thapsigargin on the absolute values of the contrac-
tion–relaxation parameters, which were prominent in 
atrial tissue from smooth dogfish at 30 °C (Fig.  2), were 
not reflected in the changes in contraction–relaxation 
parameters accompanying increased stimulus frequencies 
(Fig. 5). In brief, blocking of SR Ca2+ release and uptake 
had no obvious effects on the changes in contraction and 
relaxation parameters accompanying increases in stimulus 
frequency in both atrial and ventricular myocardium from 
smooth dogfish, sandbar shark, or clearnose skate (Fig. 5).

Transmission electron microscopy

In smooth dogfish, the presence of the SR was more obvi-
ous in atrial than ventricular myocardium. In the former, 
the SR was generally located in close proximity to mito-
chondria (M) and intercalated discs (ICD), and to a lesser 
extent between the myofibrils (MF) (Fig.  6). In ventricu-
lar myocardium, the SR was generally found between the 
mitochondria (Fig. 7). Mitochondria and glycogen storage 
granules (G) were less abundant in atrial than ventricular 
myocardium (Figs.  6, 7, respectively). In the latter, gly-
cogen storage granules were generally in close proximity 
of the mitochondria (Fig.  7, panels 6 and 7). The distri-
butional and abundance patterns of SR and mitochondrial 
in the atrial and ventricular myocardium of sandbar shark 
(Figs.  8, 9, respectively) were similar to those of smooth 
dogfish. The SR was more obvious in the atrial than ven-
tricular tissue, whereas mitochondria were more numerous 
in the latter. In atrial tissue, the SR was again generally in 
close proximity to the mitochondria and intercalated discs 
and between the myofibrils (Fig.  8). In clearnose skate 
atrial tissue, the SR was likewise more noticeable and mito-
chondria less numerous compared to ventricular myocar-
dium (Figs. 10, 11, respectively).

Fig. 2   The absolute values for contraction–relaxation parameters 
[net force (mN mm−2), time to peak force (ms), time to half relaxa-
tion (ms), the maximum first derivative of force (i.e., maximum rate 
of force development, +dF/dtmax, mN mm−2  s−1) and the minimum 
first derivative of force (i.e., maximum rate of relaxation, −dF/dtmin, 
mN  mm−2  s−1)] measured in atrial and ventricular tissue at 20 and 
30 °C. Stimulus frequency was 0.2 Hz. The solid line within the box 
marks the median value, the boundaries of the box the 25th and 75th 
percentiles, and the whiskers (error bars) above and below the box 
the 90th and 10th percentiles. Data points between the 90th and 10th 
percentiles are shown as circles and those outside this interval as 
squares. Significant differences between median values for atrial and 
ventricular myocardium are indicated by asterisk symbol, and signifi-
cant differences between median values at 20 and 30 °C for atrial or 
ventricular tissue are indicated by hash symbol. The number of indi-
viduals from which data on the various parameters were obtained 
(“n”) are shown above or below each bar
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Discussion

Functional differences between atrial and ventricular 
myocardium in elasmobranch fishes

Our first objective was to determine the basic contraction–
relaxation characteristics of atrial and ventricular myocar-
dium of three elasmobranch species. More specifically, 
we wanted to determine whether the extensive functional 
differences between atrial and ventricular myocardium 
observed in other vertebrate groups, including cyclostomes 
and teleost fishes (Aho and Vornanen 1999; Asgrimsson 
et al. 1995; Bottinelli et al. 1995a; Genge et al. 2012, 2013; 
Korajoki and Vornanen 2012; Shiels et al. 1999; Vornanen 
and Haverinen 2013) are also present in smooth dogfish, 
sandbar shark, and clearnose skate. These species include 
representatives of the two subdivisions of the subclass 
Elasmobranchii (Selachii and Batoidea) that separated 
during the Mesozoic era (~200 × 106 years ago) (Klimley 
2013); and smooth dogfish and sandbar shark are represent-
atives of the two subdivisions of the Selachii (superorders 
Squalamorphi and Galeomorphi). Our results, therefore, 
provide at least an initial indication if the functional differ-
ences of atrial and ventricular myocardium are wide spread 

within elasmobranch fishes (and are therefore phylogeneti-
cally ancient); and whether ventricular filling, stroke vol-
ume, and regulation of cardiac output is (at least in part) 
likely to be dependent on atrial function throughout this 
group. Our data also provide at least an initial indication 
as to whether atrial-ventricular functional differences are 
homogenous within the Elasmobranchii, or whether cham-
ber-specific functional properties are as diverse in elasmo-
branch fishes as are the morphologies, ecologies, energet-
ics, behaviors, etc. of this group (Compagno 1990; Klimley 
2013). We note, however, that representatives of the elas-
mobranch subclass Holocephali, as well as representatives 
of the many orders within class Chondrichthyes, remain 
unstudied.

Our data show significant differences in +dF/dtmax, −
dF/dtmin, times to peak force, and times to half relaxation 
in atrial versus ventricular myocardium in all three elas-
mobranch species (Fig. 2). These results indicate generally 
faster rates of increase and decrease in cytoplasmic Ca2+ 
during EC coupling in atrial tissue. The fact that these dif-
ferences are observed across phylogenetically distant spe-
cies are, moreover, supportive of the general conclusion 
that atrial contraction is important to ventricular filling in 
elasmobranch fishes (Brill and Lai 2016).

In contrast, significant atrial-ventricular differences in 
net force are apparent only in myocardium from smooth 
dogfish (Fig. 3). The net force produced by muscle fibers 
depends on the myosin heavy chains (MHC), and the con-
centration of MHC proteins has been shown to be higher 
in atrial than in the ventricular myocardium of other ver-
tebrates (Karasinski 1993; Bottinelli et al. 1995b; Karasin-
ski et al. 2001). Atrial myocardium may, therefore, develop 
higher net force than the latter simply due to higher amount 
of MHC (Genge et al. 2012). The specific paralog (i.e., iso-
form) of MHC protein expressed is also chamber-specific 
in fishes (Yelon et  al. 1999); this may be correlated with 
chamber-specific differences in myofibrillar ATPase activ-
ity (Vornanen 1994). These differences could also account 
for the atrial-ventricular differences in net force (Genge 
et al. 2012, 2013). We also note that elasmobranch hearts 
from all three species were too small to use isolated tra-
beculae from the ventricle, and that atria do not contain 
these structures. Given the complex trajectories of muscle 
fibers in fish hearts (Sanchez-Quintana and Hurle 1987; 
Farrell and Jones 1992), it is likely that muscle fiber ori-
entations relative to the force transducers were not uni-
form. Although this would not affect the absolute values 
of parameters such as time to peak tension and time to 
half relaxation, it unquestionably added to the scatter in 
the data on net force, +dF/dtmax and −dF/dtmin, and could 
(at least in part) explain the differences in net force pro-
duced by atrial and ventricular myocardium from smooth 
dogfish (Fig.  2). For example, fiber orientation in atrial 
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Fig. 3   The effects of temperature (on those parameters where an 
increase of temperature had a significant effect) calculated as Q10s 
(i.e., the fractional change per 10 °C temperature change, Prosser 
1973). The X-axis code letters are: A net force smooth dogfish ven-
tricle, B net force clearnose skate ventricle, C  time to peak tension 
smooth dogfish ventricle, D time to peak tension sandbar shark ven-
tricle, E time to peak tension clearnose skate ventricle, F time to 
half relaxation smooth dogfish atria, G time to half relaxation sand-
bar shark atria, H time to half relaxation clearnose skate atria, I time 
to half relaxation smooth dogfish ventricle, J time to half relaxation 
sandbar shark ventricle, K time to half relaxation clearnose skate 
ventricle. The solid line within the box marks the median value, the 
boundaries of the box the 25th and 75th percentiles, and the whiskers 
(error bars) above and below the box the 90th and 10th percentiles. 
Data points between the 90th and 10th percentiles are shown as cir-
cles and those outside this interval as squares. The number of individ-
uals from which data on the various parameters were obtained (“n”) 
are shown below each bar
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myocardium may be more uniform than in ventricular tis-
sue; plus the former most likely lack trabeculae. Our data 
provide no basis upon which to choose among these pos-
sibilities. Our results show, however, that whatever the 
mechanistic difference(s) it (they) is (are) not universal in 
elasmobranch fishes.

Effect of temperature on atrial‑ventricular functional 
differences within species

Although the holding tank temperatures reflected environ-
mental temperatures from which the animals were caught, 
different times in captivity undoubtedly induced additional 

Table 1   Pairwise comparisons of functional differences between species within tissue types and temperature treatments tested using Kruskal–
Wallis One Way Analysis of Variance on Ranks procedure, with all possible pairwise multiple comparisons done using Dunn’s Method

Pairwise comparisons with significant differences (P < 0.05) are shown with an “X” symbol

SD smooth dogfish, SB sandbar shark, SK clearnose skate

Net force 20 °C Net force 30 °C

SB atria SK atria SB atria SK atria

SD atria X X SD atria X X

SB atria SB atria

SB vent SK vent SB vent SK vent

SD vent SD vent

SB vent X SB vent

Time to peak force 20 °C Time to peak force 30 °C

SB atria SK atria SB atria SK atria

SD atria X SD atria

SB atria SB atria

SB vent SK vent SB vent SK vent

SD vent X X SD vent X X

SB vent SB vent

Time to 50 % relax. 20 °C Time to 50 % relax. 30 °C

SB atria SK atria SB atria SK atria

SD atria SD atria

SB atria SB atria

SB vent SK vent SB vent SK vent

SD vent SD vent

SB vent SB vent

+dF/dtmax 20 °C +dF/dtmax 30 °C

SB atria SK atria SB atria SK atria

SD atria X X SD atria X

SB atria SB atria

SB vent SK vent SB vent SK vent

SD vent X SD vent

SB vent X SB vent

−dF/dtmin 20 °C −dF/dtmin 30 °C

SB atria SK atria SB atria SK atria

SD atria SD atria X

SB atria SB atria

SB vent SK vent SB vent SK vent

SD vent X SD vent X X

SB vent SB vent
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variability in our results. The functional differences between 
atrial and ventricular myocardium we measured were none-
theless affected by experimental temperature in a species-
specific manner. Atrial and ventricular myocardium from 
smooth dogfish showed significant differences in all meas-
ured functional characteristics both at 20 and 30 °C; as did 
atrial and ventricular myocardium from sandbar shark at 25 
°C (Fig. 2). In contrast, atrial and ventricular myocardium 

from sandbar shark and clearnose skate demonstrated fewer 
differences at 30 °C. Most notable is a lack of difference in 
net force production at both temperatures. Only time to half 
relaxation at 20 °C and +dF/dtmax at 30 °C differed between 
atria and ventricle tissue from sandbar shark. The number 
of functional differences between atrial and ventricular 
myocardium was intermediate in clearnose skate. These 
included shorter times to peak force and half relaxation 

Fig. 4   The fractional (i.e., %) 
change in contraction–relaxa-
tion parameters measured in 
atrial and ventricular myocar-
dium from smooth dogfish, 
sandbar shark, and clearnose 
skate resulting from exposure to 
10 μM ryanodine and 2.5 μM 
thapsigargin (indicated by open 
circles), or receiving equiva-
lent volumes 0.9 % saline and 
DMSO (indicated by filled 
circles) which were the solvents 
for ryanodine and thapsigargin, 
respectively. Experiments were 
conducted at both 20 and 30 
°C, and stimulus frequency was 
0.2 Hz. The solid line within the 
box marks the median value, the 
boundaries of the box the 25th 
and 75th percentiles, and the 
whiskers (error bars) above and 
below the box the 90th and 10th 
percentiles. Data points between 
the 90th and 10th percentiles 
are shown as circles and those 
outside this interval as squares. 
Significant differences between 
median values for atrial and 
ventricular myocardium are 
indicated by asterisk symbol. 
The number of individuals from 
which atrial or ventricular data 
on various parameters were 
obtained (“n”) are shown above 
or below each bar; where only 
one value is listed, atrial and 
ventricular data were obtained 
from the same number of 
individuals
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at both temperatures, as well as measures of contractility 
(+dF/dtmax and −dF/dtmin) at 30 °C. Ca2+ influx through 
voltage-gated L-type channels and the NCX is dependent 
on the duration and height of the action potential, and both 
are tissue-specific and significantly affected by temperature 
(Vornanen et  al. 2002a; Galli and Shiels 2012; Shiels and 
Galli 2014). Accordingly, our results (Fig.  2) imply that 
action potential duration and height (and the resultant sar-
colemmal Ca2+ influx and efflux in elasmobranch myocar-
dium) vary with temperature in a complex species-specific 
manner. Intracellular Ca2+ buffers and Ca2+ affinity of tro-
ponin C are also temperature dependent (Gillis et al. 2000; 
Gillis and Tibbits 2002), but to the best of our knowledge 
these have not been studied in elasmobranch myocardium; 
and our results provide no basis upon which to decide 
among these various hypotheses.

Effects of temperature on atrial‑ventricular functional 
differences between species

Not unexpectedly, the effects of temperature on myocardial 
function are more numerous when comparisons are made 
within tissue types, especially the times to peak force and 

half relaxation (Fig.  2). There was, however, also a small 
inverse relationship of temperature and net force in ven-
tricular myocardium of smooth dogfish and clearnose 
skate (i.e., net force was higher at the lower temperature). 
A similar inverse relationship of temperature and net force 
has been observed in ventricular myocardium of rainbow 
trout (when tissue from fish adapted to 12 °C was tested at 
this temperature and 22 °C) (Shiels and Farrell 1997) and 
in three species of pelagic fish: yellowfin tuna (Thunnus 
albacares), bigeye tuna (T. obesus) and mahimahi (Cory-
phaena hippurus) (Galli et al. 2009). No effects of acute 10 
°C changes on net force or power production (i.e., the prod-
uct of net force and heart rate) were observed in ventricu-
lar strips from European eel (Anguilla anguilla) (Methling 
et al. 2012). The myocardium of ectothermic vertebrates is 
generally considered to have evolved specific mechanisms 
to maintain overall cardiac function in the face of acute 
and seasonal temperature changes (Vornanen et al. 2002a; 
Shiels et al. 2002a; Methling et al. 2012). An inverse rela-
tionship of net force and temperature may, therefore, allow 
fishes (and other ectothermic vertebrates) to maintain car-
diac pumping capacity at colder temperatures, when heart 
rates tend to be lower (Shiels et al. 1999, 2002a). Because 

Fig. 5   The mean fractional (%) change (±SEM) in contraction–
relaxation parameters measured in atrial (circular symbols) and 
ventricular (triangular symbols) myocardium from smooth dogfish, 
sandbar shark, and clearnose skate resulting from increasing stimulus 

frequency at 20 and 30 °C. Myocardium exposed to 10 μM ryano-
dine and 2.5 μM thapsigargin are indicated by open symbols. Tis-
sues exposed to 0.9 % saline and DMSO (which were the solvents for 
ryanodine and thapsigargin, respectively) are shown by filled symbols
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of our inability to control water temperature in their hold-
ing tank, however, sandbar shark were maintained at tem-
peratures up to 26 °C, whereas smooth dogfish and clear-
nose skate were maintained at 20 °C, which may at least in 
some part explain the observed differences.

Functional differences between species

The myocardium from smooth dogfish stands out as dem-
onstrating the most numerous significant differences in 
functional properties when comparisons are made between 
species within tissue types and temperature treatments 
(Table  1). Our data do not, however, provide a definitive 
explanation for these differences, although one plausible 

explanation is a greater functional role of SR Ca2+ in EC 
coupling in smooth dogfish atrial myocardium.

One of our primary objectives was to test if atrial-ven-
tricular functional differences in elasmobranch fishes result 
from differences in the relative importance of SR Ca2+ to 
EC coupling. This aspect of cardiac function is relatively 
unstudied in elasmobranch fishes, compared to teleost 
fishes and other vertebrate groups (Bootman et  al. 2006; 
Genge et  al. 2012; Korajoki and Vornanen 2009, 2012, 
2014). Control of cytoplasmic free Ca2+ levels is the pri-
mary basis for the control of myocyte contraction and 
relaxation in vertebrate myocardium (Bers 2002; Boot-
man et al. 2006; Genge et al. 2012). Ca2+ delivery to, and 
removal from, cardiac troponin C (the thin filament protein 

Fig. 6   Electron micrographs of a longitudinal section through atrial 
myocardium of smooth dogfish. The sarcoplasmic reticulum (SR) is 
generally located in close proximity to mitochondria (M) (panels 1 

and 3) and intercalated discs (ICD) (panel 3), and to a lesser extent 
between the myofibrils (panels 3 and 4). Z lines and sarcolemma (SL) 
(panel 1) are also visible
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which interacts with changes in cytosolic Ca2+) controls 
the contractile process, modulates net force production and 
the kinetics of contraction–relaxation, and determines the 
force–frequency relationship (Shiels et al. 2002b; Bootman 
et al. 2006; Galli and Shiels 2012; Shiels and Galli 2014). 
The general consensus is that the myocardium in most 
ectothermic vertebrates is not dependent on SR Ca2+ for 
EC coupling under routine circumstances, but utilize SR 
Ca2+ to augment trans-sarcolemmal Ca2+ (i.e., to increase 
myocardial performance) under conditions requiring higher 
rates of oxygen delivery by the cardio-respiratory system 
(i.e., higher rates of cardiac output) (Shiels and Galli 2014; 
Shiels and Sitsapesan 2015). We do admit, however, that 
chamber-specific differences in Ca2+ sensitivity of cardiac 

troponin C may also explain differences between contrac-
tility of atrial and ventricular myocardium (Genge et  al. 
2012), but we are aware of no published data on this topic 
for elasmobranch fishes.

The greater reliance on SR Ca2+ release and reuptake 
(via sarco-endoplasmic reticulum Ca2+-ATPase, SERCA) 
in atrial than in ventricular myocardium has been demon-
strated in several teleost species (e.g., rainbow trout and 
burbot) (Aho and Vornanen 1999; Haverinen and Vornanen 
2009); and is considered to be the mechanism underlying 
the higher net force production and more rapid contrac-
tion–relaxation kinetics (the latter due to higher SERCA 
protein content in atrial myocardium) (Walden et al. 2009; 
Genge et al. 2012; Shiels and Galli 2014). Our observations 

Fig. 7   Electron micrographs of a longitudinal section through ven-
tricular myocardium of smooth dogfish. Mitochondria (M) are more 
numerous than in atrial myocardium, and glycogen storage granules 

(G) are seen in close proximity to the mitochondria (panels 5, 6 and 
7). The sarcoplasmic reticulum (SR) is limited, and generally present 
between the mitochondria (panel 8). Z lines are also visible
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therefore support the conclusion of a greater reliance on 
SR Ca2+ release and reuptake in atrial than ventricular 
myocardium of elasmobranch fishes, but the extent of this 
difference is both species-specific and effected by tem-
perature. Net force production was reduced by the appli-
cation of ryanodine-thapsigargin (i.e., removal of SR Ca2+ 
release and reuptake) at 30 °C in atrial myocardium from 
smooth dogfish. Time to half relaxation was likewise sig-
nificantly influenced by ryanodine-thapsigargin in atrial 
myocardium at 20 and 30 °C from smooth dogfish, and 
in atrial myocardium at 30 °C from clearnose skate and 
sandbar shark (Fig.  4). These results imply that SERCA 
is involved in myocardial relaxation at least under these 
instances. Our results also indicate that SERCA activity in 

atrial myocardium contributes to higher mechanical restitu-
tion rates ensuring the contraction–relaxation cycle is com-
pleted prior to ventricular systole in elasmobranch fishes, 
as is the case in other vertebrates.

In teleost fishes, the relative importance of sarcolemmal 
and SR Ca2+ to EC coupling is known to be species-spe-
cific, and to depend on tissue type, test temperature, accli-
mation temperature, and pacing frequency (Shiels et  al. 
2002a; Galli and Shiels 2012; Shiels and Sitsapesan 2015). 
More specifically, myocardium from a range of teleost 
species acclimated to low temperatures have an increased 
involvement of SR Ca2+ in EC coupling (Hove-Madsen 
1992; Keen et  al. 1994; Aho and Vornanen 1999; Kora-
joki and Vornanen 2009; Shiels et  al. 2011). In contrast, 

Fig. 8   Electron micrographs of a longitudinal section through atrial 
myocardium of sandbar shark. The sarcoplasmic reticulum (SR) is 
present between the myofibrils (panel 10), and next to mitochondria 

(M) (panel 11) and intercalated discs (ICD) (panel 12). Z lines, gly-
cogen storage granules (G), and sarcolemma (SL) (panels 9, 11, and 
12) are also visible
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Hove-Madsen (1992) and Hove-Madsen et al. (1998) have 
shown an increased SR Ca2+ involvement in EC coupling in 
teleost ventricular myocardium when temperature is acutely 
increased. Aho and Vornanen (1999) reported that the effect 
of temperature on the importance of SR Ca2 to EC coupling 
is greater in atrial than ventricular myocytes from rainbow 
trout; whereas Hove-Madsen et al. (2001) reported that the 
involvement of the SR in EC coupling in atrial myocytes 
from rainbow trout is the same at 7 and 21 °C.

Our results suggest that the relative importance of sar-
colemmal and SR Ca2+ cycling in the myocardium of elas-
mobranch fishes is similarly dependent on species, tissue 
type, and temperature. For example, exposure of smooth 

dogfish atrial myocardium to ryanodine and thapsigargin 
decreased net force and +dF/dtmax at 30 °C, and increased 
times to peak force and half relaxation at 20 and 30 °C. 
In contrast, exposure of sandbar shark atrial myocardium 
to ryanodine and thapsigargin had no effect on net force 
nor +dF/dtmax but (as observed in smooth dogfish myocar-
dium) increased time to peak force and time to half relaxa-
tion at both temperatures; whereas the same treatment 
increased only time to half relaxation of sandbar shark 
ventricular myocardium at both temperatures (Fig. 4). Our 
results therefore indicate that the different dependences on 
sarcolemmal and SR Ca2+ cycling between atrial and ven-
tricular myocardium are temperature and species-specific 

Fig. 9   Electron micrographs of a longitudinal section through ven-
tricular myocardium of sandbar shark. The sarcoplasmic reticulum 
(SR) is sparse (panel 15) and mitochondria (M) are numerous (pan-
els 13 and 14). Glycogen storage granules (G) are generally located 

in proximity to the mitochondria (panels 13 and 14), intercalated 
discs (ICD) (panel 16), Z lines, and sarcolemma (SL) are also visible 
(panel 15)
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in elasmobranch fishes, as they are in teleost fishes (Genge 
et  al. 2012). Species-specific differences in the involve-
ment of SR Ca2+ in EC coupling (from 0 to ~50 %) have, 
moreover, been demonstrated in teleost fishes (Shiels and 
Farrell 1997; Driedzic and Gesser 1988; Hove-Madsen 
et  al. 1999; Shiels et  al. 1999; Korajoki and Vornanen 
2009, 2012). We therefore argue that the differences in 
the involvement of SR Ca2+ in EC coupling between 
elasmobranch species we measured are plausible, as they 
are within the range of species-specific differences in the 
involvement of SR Ca2+ in EC coupling observed in tel-
eost fish myocardium.

The force–frequency relationship

To the best of our knowledge, there are no data on in vivo 
heart rates of clearnose skate, smooth dogfish, or sandbar 
shark under normal conditions. There are, however, heart 
rate data on sandbar shark immobilized with neuromuscu-
lar blocking drug, which ranged from ~30–40, ~50–60, and 
~70–80 beats per minute at 18, 24, and 28 °C, respectively 
(Dowd et  al. 2006). The heart rates measured in sandbar 
shark in vivo are therefore approximately in the middle of 
the range of the stimulation frequencies over which atrial 
and ventricular myocardial strips can operate (Fig. 5).

Fig. 10   Electron micrographs of a longitudinal section through atrial 
myocardium from clearnose skate. The abundance of mitochon-
dria (M) is relatively sparse (panel 17); and the sarcoplasmic reticu-
lum (SR) is generally found next to mitochondria (panels 18 and 

19), intercalated discs (ICD) (panel 18), and between the myofibrils 
(panels 19 and 20). Intercalated discs, glycogen storage granules (G) 
(panel 17), and Z lines (panels 19 and 20) are also visible
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While the force–frequency relationships of myocar-
dium from teleost fishes have been extensively investi-
gated (reviewed by Shiels et  al. 2002b), we are aware of 
only one study on the force–frequency relationship of 
myocardium involving elasmobranch fishes (Driedzic and 
Gesser 1988). With a few exceptions, myocardium from 
both groups exhibit a negative force–frequency relation-
ship (Shiels et  al. 2002b), as do the atrial and ventricu-
lar myocardium from the three elasmobranch species we 
investigated (Fig. 5). A negative force–frequency response 
is due (in part) to a frequency-dependent decline in trans-
sarcolemmal Ca2+ movement, and thus CICR Ca2+ release 
from the SR, and (in part) to incomplete mechanical res-
titution resulting from a frequency-dependent decline in 

trans-sarcolemmal Ca2+ movement out of the cell and 
uptake into the SR (Shiels et  al. 2002b; Shiels and Galli 
2014).

Ryanodine–thapsigargin treatment did not have any 
effect on the force–frequency relationship, or the effects 
of frequency on other contraction–relaxation parameters in 
any of the three elasmobranch species we studied, with the 
exception of time to half relaxation in smooth dogfish atrial 
myocardium at 20 °C (Fig. 5). We note, however, that force 
production in atrial tissue was reduced by ryanodine–thap-
sigargin treatment, implying that the entire force–frequency 
curve was shifted downward, although this is not displayed 
in our results, as we calculated changes with frequency as 
relative values. The clearest species-specific difference was 

Fig. 11   Electron micrographs of a longitudinal (panel 21) and cross-
sections (panels 22, 23, and 24) through ventricular myocardium 
from clearnose skate. Mitochondria (M) are relatively abundant (pan-

els 21 and 22), and the sarcoplasmic reticulum (SR) is sparse (panels 
22, 23, and 24). Intercalated discs (ICD) and Z lines are also visible 
(panel 21)
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that clearnose skate myocardium was less able to respond 
to increases in stimulation frequency, compared to myo-
cardium from smooth dogfish and sandbar shark, as indi-
cated by the higher frequencies at which myocardium from 
the latter two species maintained coordinated contractions 
(Fig. 5).

Atrial and ventricular morphological differences

We found no evidence of sarcolemmal invaginations form-
ing T-tubules in three elasmobranch species examined, 
although internal membrane systems (i.e., SR) were fre-
quently observed. Clear differences between atrial and 
ventricular tissue were evident in the distribution of SR, 
although we could not compare quantitatively the amounts 
of SR present in atrial and ventricular myocardium due to 
the small number of samples we were able to include in our 
study. It is possible, however, to observe differences even 
without quantitative data for each tissue.

The SR was generally more pronounced in the atria, 
and mitochondria were present in higher quantities in the 
ventricle. The SR cisterns were located between the myofi-
brils and in close proximity to the mitochondria in the atria, 
whereas the SR cisterns were observed only in close prox-
imity to the mitochondria in the ventricle. Likewise, it is at 
least clear qualitatively that the SR is more pronounced in 
atrial compared to ventricle myocardium in the three elas-
mobranch species we investigated. The tissue-specific dif-
ferences in distribution of SR were most obvious in atrial 
and ventricular myocardium from smooth dogfish (Fig. 6), 
which is congruent with the differences in the functional 
properties of these tissues (Fig. 2), and with the effects of 
exposure to ryanodine and thapsigargin (i.e., the reduc-
tion in net force and +dF/dtmax and the increase in time to 
half relaxation observed in the atrial tissue of this species, 
Fig.  4). Our observations therefore match those from tel-
eost fishes where atrial myocardium also contains a better 
developed SR than ventricular tissue (Sætersdal et al. 1974; 
Santer 1974; Genge et al. 2012).

Some fish species have significant SR Ca2+ stores in their 
cardiac myocytes (Korajoki and Vornanen 2009). These SR 
Ca2+ stores exceed those in mammalian myocardium even 
though (albeit with some exceptions) fish generally do not 
normally utilize SR Ca2+ in myocardial EC coupling (Galli 
and Shiels 2012; Shiels and Galli 2014). For example, rain-
bow trout cardiac myocytes contain an order of magnitude 
more SR Ca2+ (approximately 1250  mmol  l−1) compared 
to mammals (100–150  mmol  l−1), even though SR Ca2+ 
release dominates Ca2+ delivery during EC coupling in the 
latter (Shiels et al. 2002b; Galli and Shiels 2012; Shiels and 
Galli 2014). Fish cardiomyocytes actually contain ten times 
more Ca2+ than the amount being released on each heart-
beat, which provides an intracellular Ca2+ reservoir that 

appears to be employed during periods requiring high car-
diac performance, such as during stress or exercise (Genge 
et al. 2012; Cros et al. 2014; Shiels and Sitsapesan 2015). 
From our observations of SR in atrial and ventricular myo-
cardium, it seems likely that elasmobranch fishes likewise 
have large stores of SR Ca2+ which may be employed 
under similar circumstances, although to the best of our 
knowledge this has not yet be directly demonstrated.
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