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Electrophysiological properties of the L-type Ca®* current in cardio-
myocytes from bluefin tuna and Pecific mackerel. Am J Physiol Regul
Integr Comp Physiol 286: R659-R668, 2004. First published Decem-
ber 4, 2003; 10.1152/gjpregu.00521.2003.—Tunas are capable of
exceptionally high maximum metabolic rates; such capability requires
rapid delivery of oxygen and metabolic substrate to the tissues. This
requirement is met, in part, by exceptionally high maximum cardiac
outputs, opening the possibility that myocardia Ca?* ddlivery is
enhanced in myocytes from tuna compared with those from other fish.
In this study, we investigated the electrophysiological properties of
the cardiac L-type Ca?* channel current (Icg) to test the hypothesis
that Ca2* influx would be larger and have faster kinetics in cardio-
myocytes from Pacific bluefin tuna (Thunnus orientalis) than in those
from its sister taxon, the Pacific mackerel (Scomber japonicus). In
accordance with this hypothesis, Ic, in atrial myocytes from bluefin
tuna had significantly greater peak current amplitudes and faster fast
inactivation kinetics (—4.4 + 0.2 pA/pF and 25.9 = 1.6 ms, respec-
tively) than those from mackerel (—2.7 = 0.5 pA/pF and 32.3 = 3.8
ms, respectively). Steady-state activation, inactivation, and recovery
from inactivation were also faster in atrial myocytes from tuna than
from mackerel. In ventricular myocytes, current amplitude and acti-
vation and inactivation rates were similar in both species but elevated
compared with those of other teleosts (Vornanen M. Am J Physiol
Regul Integr Comp Physiol 272: R1432-R1440, 1997). These results
indicate enhanced I, in atrial myocytes from bluefin tuna compared
with Pacific mackerel; this enhanced |ca may be associated with
elevated cardiac performance, because lca delivers the majority of
Ca?" involved in excitation-contraction coupling in most fish hearts.
Similarly, lca is enhanced in the ventricle of both species compared
with other teleosts and may play a role in the robust cardiac perfor-
mance of fishes of the family Scombridae.

Scombridae; ventricle; atrium; heart; calcium currents; excitation-
contraction coupling; dihydropyridine receptor; fish; Scomber japoni-
cus; Thunnus orientalis

CERTAIN SPECIES OF TUNA (family Scombridae) are apex preda-
tors, renowned for their unique thunniform swimming mode,
high metabolic rates, and endothermic physiology (herein de-
fined asthe ability to elevate and retain metabolically produced
heat in the swimming muscles and other organs, as well as the
ability to physiologically control and reduce routes and rates of
heat transfer with the environment) (6). For example, standard
and active metabolic rates are at least twofold higher in
yellowfin tuna (Thunnus albacares) than in other active te-
leosts (26). The high metabolic rates and endothermic physi-
ology are supported by unique circulatory arrangements and
cardiac characteristics that are exceptional even among athletic

fishes. For example, the ventricles can be much larger relative
to body size in tuna [0.3-0.4% body mass (8, 32)] than in
rainbow trout [~0.1% body mass (9)], a modification required
to produce ventricular pressures 50% higher than those in
rainbow trout (2, 44). Furthermore, it has been estimated that
maximum cardiac output in skipjack tuna (Katsuwonus pela-
mis) exceeds 200 ml-min~1-kg~? (8), about twice the maxi-
mum cardiac output reported for salmonids at comparable
temperatures. To achieve such high levels of maximum cardiac
output, these fish have unusually high maximum heart rates (8).
In view of these features, it is not surprising, therefore, that the
aerobic capacity of the tuna heart exceeds that of other teleosts,
asindicated by elevated biochemical indexes, e.g., high citrate
synthase activity (12, 17), high mitochondrial oxygen con-
sumption (31), and high myoglobin levels (18), as well as a
highly developed coronary circulation (15).

The enhanced cardiac performance of tunas may aso be
related to specializations in excitation-contraction (E-C) cou-
pling within the scombrid lineage. Because high heart rates in
mammals are associated with increased expression of sarco-
plasmic reticulum (SR) proteins (20), one hypothesis is that
greater utilization of SR Ca2™ may enhance E-C coupling in
tuna hearts and, thereby, play a role in the elevated cardiac
performance of these fish (14). Evidence for elevated SR Ca?™*
cycling in tuna hearts has emerged from ryanodine inhibition
studies of isometric force development in isolated muscle
preparations (25, 40) and measurements of enhanced SR Ca?*-
ATPase activity and Ca?* uptake in ventricular vesicular
preparations (28).

Despite the enhanced role for SR Ca?* in E-C coupling, in
tuna hearts, asin all vertebrates, the first step in E-C coupling
in response to the change in membrane potential is the opening
of L-type Ca?" channels in the sarcolemma, resulting in an
influx of Ca2™ from the extracellular space. Moreover, at
physiologicaly relevant contraction frequencies and tempera-
tures, the majority (>60%) of the Ca?* necessary for contrac-
tion in skipjack and yellowfin tuna myocardium is extracel lular
in origin (25, 40). In cardiomyocytes from frog, rainbow trout
(30, 45), and crucian carp (Carassius carassius) (47), most of
the extracellular Ca?* needed for contraction crosses the sar-
colemma via L-type Ca* channels, although under certain
conditions, the Na*/Ca?" exchanger can also transport signif-
icant quantities of Ca®* across the sarcolemma (21, 46). In
fact, force generated by isolated myocardial muscle from
rainbow trout declines by >80% when L-type Ca?" channels
are inhibited with verapamil but barely 5% when the SR is
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inhibited with ryanodine (1). Furthermore, changes in action
potential shape during rapid temperature changes have been
shown to preserve transsarcolemmal Ca?™" flux in rainbow trout
atrial myocytes (41). In sarcolemmal preparations from skip-
jack tuna ventricle, high L-type Ca2* channel densities have
been measured using dihydropyridine binding (42), and this
leads to the hypothesis that increased L-type Ca?* current (Ica)
may play arole in the enhanced cardiac performance of tunas,
especialy because lc, is also important for triggering the
release of SR Ca?" stores (13). However, this hypothesis has
not been tested, because | ¢, has not been recorded in myocytes
from tunas or any other member of the Scombridae family.

In this study, we examine lc, in myocytes of the Pacific
bluefin tuna. Despite the fact that little is known about their in
vivo cardiac performance compared with other tunas, the
bluefin group (including Atlantic, Pacific, and Southern blue-
fin) is of particular interest, because they display a wide
thermal niche (2-31°C) (5, 19). This means that bluefin tuna
may have to defend their endothermic skeletal muscle against
large thermal gradients, and, at the same time, their cardiac
tissue must operate at ambient water temperatures. The bluefin
ventricle is proportionally larger and shows a higher SR Ca?* -
ATPase activity than ventricles of other teleosts, including
other tuna species. In fact, recent biochemical evidence sug-
gests that agradient of expression of SR Ca?*-ATPase activity
exists among the Thunnus lineage, with bluefin tuna having
higher levels than yellowfin tuna (28).

To place potential speciaizations in L-type Ca2" current
characteristics into the context of scombrid evolution, we
compared |, of atrium and ventricle of bluefin tuna with that
of Pacific mackerel (Scomber japonicus), an ectothermic sister
taxon to the Thunnus genus that shares several morphological
and physiological features. In particular, ventricular aerobic
capacity is elevated in Pacific mackerel and the tunas relative
to other teleosts (17). However, mackerel have metabolic rates
typical of other active fish (17). In addition, the hearts of
mackerels are significantly smaller relative to body mass (0.1—
0.2% body mass) than those of tunas, and the mackerel SR
appears to play a lesser role in E-C coupling (28, 39). We
hypothesized that 1, in bluefin tuna cardiomyocytes would be
larger and have faster kinetics than those measured in mackerel
to increase cytosolic Ca2* directly and to trigger Ce?™ release
from the SR, inasmuch as these would lead to the known
enhancement of contractile strength. As this study constitutes
the first cellular investigation into sarcolemmal Ca?* flux in
these species, it was deemed important to examine both atrial
and ventricular myocytes. Significant differences in atrial and
ventricular myosin isoforms (23), myosin ATPase activities
(24), and SR Ca?* uptake activities and isometric contraction
parameters (1) are apparent in fish hearts. In addition, the
spatial distribution of L-type Ca?* channels differs in atrium
and ventricle of mammals (10). Yet no studies have explicitly
compared the atrium and ventricle of fish with regard to
sarcolemmal Ca2™* transport.

The results of the present study clearly indicate that ¢, is
larger and faster in bluefin tuna atrium than in Pacific mackerel
atrium, supporting the general idea that species-specific differ-
encesin | c, may contribute to the elevated cardiac performance
of tunas among scombrid fishes. In ventricular myocytes, lcais
enhanced in both scombrid species compared with what is
known for other teleost fishes (48). Thus the large density of

lca IN SCOMBRID HEARTS

| ca, coupled with the high surface area-to-volume ratio of the
myocytes, may play key roles in the robust cardiac perfor-
mance of the scombrid fishes.

METHODS AND MATERIALS

Fish origin and care. Bluefin tuna (fish mass = 14.3 £ 0.5 kg,
heart mass = 52.1 = 2.8 g, n = 5) were captured off San Diego, CA,
and held aboard the F/V Shogun in large wells flooded with seawater
before transport by truck to the Tuna Research and Conservation
Center (Pacific Grove, CA). Bluefin tuna were held in a 109-m? tank
at 20 = 1°C and fed a diet of squid, sardines, and enriched gelatin, as
previously described (16). Pacific mackerel (fish mass = 230.5 =
10.9 g, heart mass = 0.57 = 0.06 g, n = 13) were acquired from the
Monterey Bay Aquarium (Monterey, CA), held in a 20-m?® tank at
20 = 1°C, and fed a diet of krill. Fish were held for =3 mo before
experimentation. All procedures were in accordance with Stanford
University Institutional Animal Care and Use Committee animal
handling protocols.

Isolated myocyte preparation. Myocytes from mackerel and tuna
were obtained by adaptation of the isolation protocol previously
described for rainbow trout (45). Briefly, fish were euthanized by
pithing, and the heart was excised. The heart was perfused with
isolating solution from a height of 60 cm until it had stopped beating
and was cleared of blood. This was accomplished by retrograde
perfusion through the ventricular lumen for ~10 min in mackerel and
~20 min in tuna. In tuna, the coronary artery was additionally
perfused to clear blood from the arteries and compact myocardia
tissue. Proteolytic enzymes were then added to the isolating solution,
and retrograde luminal perfusion was continued for ~20 min in
mackerel and ~40 min in tuna. After enzymatic treatment, the atrium
and ventricle were placed in separate dishes containing fresh isolating
solution. Tissues were cut into small pieces with scissors and then
triturated through the opening of a Pasteur pipette to free individual
myocytes. Myocytes were stored in fresh isolating solution for up to
8 h at 20°C.

Solutions. The isolating solution contained (mM) 100 NaCl, 10
KCl, 1.2 KHPO,, 4 MgSO,, 50 taurine, 20 glucose, and 10 HEPES,
with pH adjusted to 6.9 with KOH at 20°C. For enzymatic digestion,
collagenase (type |1A), trypsin (type I X), and fatty acid-free BSA were
added to this solution. The extracellular solution for recording Ica
contained (mMM) 150 NaCl, 5.4 CsCl, 1.2 MgSOg, 0.4 NaH2PQ,, 3.2
CaCl5, 10 glucose, and 10 HEPES, adjusted to pH 7.7 with CsOH.
TTX (1 nM) was added to the perfusate to block fast Na* channels
(see Fig. 2). Ryanodine (5 wM) was included to block SR Ca2*
release channels. The pipette solution contained (mM) 130 CsCl, 5
MQATP, 15 tetraethylammonium chloride, 1 MgCl,, 5 oxal oacetate, 5
Nag-phosphocreatine, 10 HEPES, and 0.03 NaGTP. The EGTA
concentration was 0.025 mM unless stated otherwise. The pH was
adjusted to 7.2 with CsOH. Inclusion of CsCl and tetraethylammo-
nium chloride in our solutions inhibited K* currents. All drugs were
purchased from Sigma.

Experimental procedures. A sample of myocytes was added to the
recording chamber and allowed to settle on the bottom. Myocytes
were superfused at a rate of ~2 ml/min with extracellular solution at
20°C. Whole cell voltage-clamp experiments were performed using a
PC 505 amplifier (Warner Instruments, Hamden, CT) with a CV-4
1/100 head stage (Axon Instruments). Resistance of the pipette was
23 = 0.1 MQ when it was filled with pipette solution. Pipette
capacitance (4.1 = 0.1 pF) was compensated after formation of a
gigaohm seal. Mean series resistance was 8.7 = 0.4 M(). Membrane
capacitance was measured using the membrane test function of the
pClamp 8.0 software (Axon Instruments) and confirmed with the
calibrated capacity compensation circuit of the amplifier (Table 1).
Signals were leakage corrected using the P/N procedure of the
software, low-pass filtered at a frequency of 2 kHz, and then analyzed
offline using Clampfit 8.0 software (Axon Instruments).
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Table 1. Morphometric features of atrial and ventricular myocytes from bluefin tuna and Pacific mackerel

Atrial Myocytes Ventricular Myocytes
Area/Vol, Area/Vol,
Length, pm Width, um  Capacitance, pF Vol, pl pF/pl Length, pm Width, pm Capacitance, pF Vol, pl pF/pl
Tuna 201.2+7.2(32) 6.6*£0.3(32) 451+1.7(53) 2.7+0.1(53) 16.5(53) 185.8+4.9(31) 7.6+031(31) 43.1+1.1(36) 3.0+0.1(36) 14.3(36)
Mackerel 166.4+6.1* (21) 57+0.2(21) 31.1*1.2*(28) 1.7+0.1* (28) 183(20) 166.7=7.1* (20) 4.9+0.2* (20) 41.8+2.4*1(28) 2.0+0.1* (28) 21.9* (20)

Values are means *= SE of number of myocytes in parentheses; myocytes were pooled from 5 tuna (fish mass = 14.3 * 5 kg, heart mass = 52.1 + 2.8 g)
and 13 mackerel (fish mass = 230.5 = 10 g, heart mass = 0.57 = 0.06 g). * Significant difference between species within each tissue; fsignificant difference

between tissues within each species (P < 0.05, student’s t-test).

Voltage-clamp waveforms and protocols used to study the charac-
teristics of 14 are provided in Figs. 2, 5, and 6. The amplitude of Ica
was calculated as the difference between the peak inward current and
the current at the end of the depolarizing pulse. Kinetics describing the
fast (tr) and slow (1s) components of inactivation of |, were derived
by fitting a second-order exponential function to the decaying portion
of the current using the Chebyshev procedure (Clampfit 8.0 software,
Axon Instruments). Steady-state kinetic parameters were obtained by
fitting steady-state activation and inactivation data to Boltzmann
equations to determine the half-activating or half-inactivating poten-
tial (Vi) and the slope of activation and inactivation (k), as previously
described (41, 45). Recovery from inactivation of | c, was assessed by
normalizing current amplitude at a constant test pulse (500 ms, —70
to 0 mV) to the constant prepulse value (500 ms, —70 to 0 mV) after
variable interpulse durations (5400 ms, —70 mV; see Fig. 6). Tissue-
and species-specific differences were assessed with Student’s t-tests,
and significance was accepted at P < 0.05. When values are presented
as means, the number of observations (n) is provided.

Myocyte morphometrics. The shape of the myocyte has important
implications for E-C coupling (48). Detailed measurements of cell
size were made using an Olympus BH2 microscope with an
Olympus DP10 digital camera system. A sample of cells was
placed on a glass slide and sealed with a coverslip. Cell length and
width were measured with the calibrated optical graticule of the
Olympus system. Width was determined at three levels, in the
middle and halfway from the midpoint to the end, with the mean of
the three values taken as cell width (43). Surface area and cell
volume were calculated from cell capacitance, as well as cell
length and width measurements, with the assumption that the cells
were cylinders with elliptical cross sections (47).

RESULTS

Morphological characteristics of isolated myocytes. Isolated
myocytes from the atrium and ventricle of the Pacific bluefin
tuna and the Pacific mackerel are displayed in Fig. 1. A
comparison of the morphometric characteristics of the isolated
myocytesis provided in Table 1. Myocytes were long and thin,
as described for amphibians and other fish species (48). A
comparison of atrial cell size reveals significantly longer myo-
cytes in the tuna, with a greater surface area and cell volume
than in the mackerel (Table 1). The cell capacitance (pF)-to-
volume (pl) ratio was 16.5 and 18.3 in tuna and mackerel atrial
cells, respectively. A comparison of tuna and mackerel ven-
tricular cells shows longer and wider myocytes in the tuna,
with a significantly smaller cell capacitance-to-volume ratio
than in the mackerel: 14.3 vs. 21.4 (Table 1). Sarcomeric
striations are clearer in the tuna myocytes, probably reflecting
a greater myofibril component (Fig. 1).

Characterization of Ic,. Inward Ca?* (Ic,) and Nat current
(Ing) were present in atrial and ventricular myocytes from both
species. Ina Was completely abolished by 1 M TTX, as shown
in Fig. 2A for a mackerel atrial myocyte. Similar results were

obtained with mackerel ventricular myocytes and tuna atrial
and ventricular myocytes (not shown). Because thereis overlap
between the active voltages for Ina and lca, 1 pM TTX was
subsequently included in all extracellular solutions to isolate
lca. The specific L-type Ca2™ channel blocker nifedipine (2.5
wM) was used to confirm that Ic, was the only remaining
inward current in the presence of 1 wM TTX under our
conditions in both tissues and both species (Fig. 2B).

Under whole cell patch-clamp conditions, the amplitude of
lca is sensitive to the amount of Ca?* buffer included in the
patch pipette [rat (36) and rainbow trout (22)]. We found that
varying EGTA concentration from 0.025 to 5 mM had alarge
and significant effect on the amplitude of |, over the range of
activate voltages (Fig. 2C). At 0 mV, inclusion of 5mM EGTA
increased the amplitude of 1, nearly fourfold over the ampli-
tude obtained with 0.025 mM EGTA. Although the intracellu-
lar buffering capacity of mackerel and tuna myoplasm is
unknown, studies with rainbow trout cardiomyocytes suggest
that inclusion of 0.025 mM EGTA in the pipette best mimics
the in vivo buffering capacity (22). Furthermore, our experi-
ments were short (<2 min for each myocyte), and |, did not
run down with 0.025 mM EGTA in the pipette over this time
period. Therefore, in all subsequent experiments, we used
0.025 mM EGTA in the pipette solution.

Comparison of Ica-voltage relations. The current-voltage
relation from both tissues and species showed activation of ¢,
beginning at —30 mV and peaking between 0 and +10 mV
(Fig. 3). A comparison of atrial myocytes from both species
reveals larger lc, in tuna than in mackerel (—4.4 = 0.2 vs.
—2.7 = 0.4 pAlpF a 0 mV). The current-voltage relation
showed that this difference persisted across the range of active
voltages (Fig. 3A). In contrast to atrial myocytes, no significant
difference in peak current amplitude was found between spe-
cies in ventricular myocytes (—4.5 = 0.3 and —5.6 = 0.8
pA/pF in tuna and mackerel, respectively, at 0 mV). However,
at more-negative voltages (—10 and —20 mV), current ampli-
tude was significantly less in tuna than in mackerel ventricular
myocytes (Fig. 3B).

Myocardial tissue comparisons revealed no significant dif-
ferences in I, in bluefin tuna. However, in mackerel, |c, was
significantly larger and activated at more negative voltages in
ventricle than in atrium (Fig. 3).

Comparison of Ic, Kinetics. In atrial myocytes, the kinetics
of fast inactivation (7f) of lc, were significantly faster in tuna
than in mackerel: 25.9 = 1.6 vs. 32.3 = 3.8 ms (Fig. 4, A and
B). This may reflect greater Ca?*-dependent inactivation from
Ca?* flowing through the channel, inasmuch as | ¢, density was
greater in tuna atrial myocytes. In ventricular myocytes, there
was atrend for faster 7; of |5 in tunathan in mackerel (21.8 =
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Fig. 1. Morphology of live cardiac myocytes
from Pacific mackerel and bluefin tuna A
and B: atrial myocytes from tuna and mack-
erel, respectively. C and D: ventricular myo-
cytes from tuna and mackerel, respectively.
Note larger size and clearer sarcomeric stri-
aions in tuna than in mackerel myocytes.
Mean morphometric data and statistical anal-
ysis are provided in Table 1. Scale bar ap-
plies to al images.

1.7 vs. 25.1 = 0.8 ms), but this was not statistically resolvable
(Fig. 4, D and E). No significant differences in s were
observed between species in atrial or ventricular myocytes
(Fig. 4, C, D, and F). Myocardia tissue type did not signifi-
cantly affect the kinetics of inactivation in either species.
Seady-state activation and inactivation kinetics. Steady-
state activation and inactivation were faster in bluefin tunathan
in Pecific mackerel atrial myocytes (Fig. 5A, Table 2). The
slopes (k) of steady-state activation and inactivation were
significantly steeper in tuna atrium (6.19 = 0.16 and 5.29 =+
0.29 for activation and inactivation, respectively) than in mack-

lca IN SCOMBRID HEARTS

erel atrium (7.69 + 0.75 and 9.13 = 0.57 for activation and
inactivation, respectively). Activation of Ca* channelsin tuna
atria started positiveto —40 mV and were half-maximal (Vy,) at
—8.13 mV. Similar values were observed in mackerel (Table
2). The inactivation variable (or channel availability) began
decreasing positive to approximately —50 mV in tuna atria and
was half complete at —26 mV. Mackerel atrial inactivation
began decreasing earlier (positive to approximately —60 mV)
but was half complete at avoltage similar to that in tuna (Table
2, Fig. 5). In contrast, the slopes of activation and inactivation
were unchanged between species in ventricular myocytes (Fig.
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Fig. 2. Isolation of the L-type Ca?* channel current (Ica) in scombrid cardi-
omyocytes. A: effect of 1 uM TTX on inward Na* current (Ing) in an atrial
myocyte (capacitance = 33 pF) from Pecific mackerel. A similar abolition of
Ina Was seen in mackerel ventricular myocytes and in atrial and ventricular
myocytes from bluefin tunawith 1 uM TTX (data not shown). B: effect of 2.5
wM nifedipine (Nif), a specific blocker of the L-type Ca2* channel, on the
remaining inward current in an atrial myocyte from bluefin tuna (capaci-
tance = 56 pF) in the presence of 1 uM TTX. A similar inhibition of Ica was
observed in tuna ventricular myocytes and myocytes from both tissues in the
Pacific mackerel. Scale bar applies to A and B. Waveform protocol used to
elicit Inaand I cais shown above each current recording. C: effect of increasing
pipette EGTA concentration from 0.025 to 5 mM on Ca?* current-voltage
relation in mackerel ventricular myocytes. Vim, membrane potential. Values are
means = SE; n = 28 for 0.025 mM EGTA and n = 15 for 5 mM EGTA.
*Significantly different at P < 0.05 (Student’s t-test).
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Fig. 3. Ca?* current-voltage relations in cardiac myocytes from Pacific mack-
erel and bluefin tuna (BFT). Peak Ica (pA) was normalized to myocyte
capacitance (pF) and, thus, expressed as peak current density (pA/pF). A:
comparison of atrial myocytes from each species. B: comparison of ventricular
myocytes from each species. Values are means = SE; n = 21-53 myocytes
from 5 tuna and 13 mackerel. *Significantly different at P < 0.05 (Student’s
t-test).

5B, Table 2). However, the voltage for half-maximal activation
was significantly leftward shifted in mackerel ventricle to
—14.3 £ 1.0 mV compared with —10.6 = 0.6 mV in tuna
This is in accordance with the increased current amplitude at
negative voltages observed in the current-voltage relation for
mackerel ventricle (Fig. 3B).

Because of the overlap between activation and inactivation
curves, a Ca?* window current is present in both tissues and
species (Fig. 5, C and D, insets). The Ca?" window current was
maximal at approximately —15 mV for both tissues in tuna,
where it contributed 3-5% of the maxima conductance. In
mackerel, the peak of the window current shifted from —20
mV in ventricle to —10 mV in atrium, where it contributed
~10% of maximal conductance.

Differences between atrial and ventricular cardiomyocytes
are given in Table 2. Ic, activated more quickly and was
half-maximal at more negative voltages in the atrium of both
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