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Summary

This study reports the cardiovascular physiology of the
Pacific bluefin tuna (Thunnus orientalig in anin situ heart
preparation. The performance of the Pacific bluefin tuna
heart was examined at temperatures from 30°C down to
2°C. Heart rates ranged from 15@eatsmin-1 at 30°C to
13beatsmin~! at 2°C. Maximal stroke volumes were
1.1ml kg at 25°C and 1.3ml kg1 at 2°C. Maximal

retained at temperatures colder than those tolerated by
tropical tunas. The Pacific bluefin tuna’s cardiac
performance in the cold may be a key adaptation
supporting the broad thermal niche of the bluefin tuna
group in the wild. In situ data from Pacific bluefin are

compared toin situ measurements of cardiac performance
in yellowfin tuna and preliminary results from albacore

cardiac outputs were 18.Imlkglmin-1 at 2°C and tuna.
106ml kg~min-1 at 25°C. These data indicate that
cardiovascular function in the Pacific bluefin tuna exhibits

a strong temperature dependence, but cardiac function is

Key words: Pacific bluefin tunahunnus orientalisin situ heart
preparation, temperature, citrate synthase.

Introduction

Tunas are apex predators renowned for their thunniforrmaintained in land-based facilities (Brill and Bushnell, 2001;
swimming mode, high metabolic rates and ability to conserv&arwell, 2001). Standard metabolic rates measured in juvenile
metabolic heat (Carey and Teal, 1969; Dewar and Grahamellowfin tuna are at least twofold higher than those of active
1994a,b; Block and Stevens, 2001). The capacity to conserteleosts, including scombrids such as bofgrda chiliensis
metabolic heat in the slow-twitch muscle, viscera, brain andnd other species such as sockeye saldrmorhynchus nerka
eyes and to elevate body tissue temperatures occurs alongrad yellowtailSeriola quinqueradiatéBrett and Glass, 1973;
continuum among th&hunnusspecies. Tropical species such Yamamoto et al., 1981; Dewar and Graham, 1994a; Korsmeyer
as yellowfin tuna maintain only a small elevation aboveand Dewar, 2001). Albacore tuna placed in shipboard
ambient temperatures while young and mature bluefin displagspirometers shortly after capture have exhibited similarly
significant thermal gradients between core (peritonealhigh metabolic rates (Graham and Laurs, 1982).
body temperature, swimming muscle and ambient water The elevated metabolic rates of tunas are supported by
temperatures (Carey and Teal, 1969; Marcinek et al., 2001a; number of distinctive morphological, biochemical and
Kitigawa et al., 2002; Block et al., 2001). Measurements ophysiological specializations that are unique to the tribe
metabolic performancén vivo have been made in tropical Thunnini Large gill surface areas and thin gill epithelia
tunas but not as yet in any species from the bluefin tuna groupnhance oxygen uptake from the environment (Muir and
The relationships between elevated metabolic rate, cardidtughes, 1969), while well vascularized tissues (Mathieu-
output, increased heat generation and thermal he&ostello et al., 1996) with high levels of myoglobin (Giovane
conservation remain elusive among tfiunnus species. et al., 1980; Marcinek, 2000) and aerobic enzymes (Dickson,
However, electronic tagging data indicates that the bluefii995; Freund, 1999) enhance oxygen extraction by the tissues
group has the largest capacity for maintaining large thermgBushnell and Brill, 1992). High metabolic rates also demand
gradients between core body temperatures and ambient watégh cardiac outputs, which tunas achieve through high
temperatures for prolonged periods (Block et al., 2001; Gunmaximal heart rates and high stroke volumes (Brill and
and Block, 2001). Bushnell, 2001).

Current knowledge of physiological performance in tunas is To date, cardiovascular performance has primarily been
primarily based on research conducted on juvenile yellowfistudied in small yellowfin, skipjack and albacore tunas. In
and skipjack tunas, as both species have been routingjgllowfin and skipjack tunas, cardiac outputs of up to
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84-132ml kg min~1 are among the highest recorded inlarger than those of skipjack and yellowfin tunas (Poupa et al.,
teleosts (Bushnell and Brill, 1992; Farrell et al., 1992; Brill andL981), exhibit a thick layer of compact myocardium (Tota,
Bushnell, 2001; Blank et al., 2002; Mercier et al., 2002). NdLl978) and have extraordinarily high levels of myoglobin
comparable studies have been conducted on closely relatédiovane et al., 1980; Marcinek, 2000). Experiments on the
ectothermic taxa such as bonito. Heart rates in spinally blockegpongy and compact layers of Atlantic bluefin ventricle
yellowfin tuna at 25°C range from 90 to U3@atsmin~l indicate that the spongy layer has higher mitochondrial enzyme
(Bushnell and Brill, 1992), although heart rates in unstresseakctivities (Basile et al.,, 1976; Greco et al., 1982), more
free-swimming yellowfin tuna are lower, ranging from 67 topronounced temperature dependence of oxidative enzymes
100beatsmin~t (Bushnell and Brill, 1991; Korsmeyer et al., (Maresca et al., 1976), and greater capacity to metabolize
1997). These lower rates have been shown to result from torectate (Gemelli et al., 1980), apparently reflecting the fact that
cholinergic input (Keen et al., 1995). Maximal heart rates oépongy tissue is perfused by lumenal venous blood and
119 and 18®beatsmin-! recorded at 25°C in yellowfin and compact tissue receives arterial blood from the coronary artery
skipjack tuna, respectively (Keen et al., 1995), exceed those (fota, 1978).
most other teleosts. Stroke volumes of 1.1+il.8g! in Recently, the thermal physiology of free-swimming bluefin
yellowfin and skipjack tunas are similar to maximal values irtunas, yellowfin tuna and big-eye tuna has been examined by
rainbow trout and two- to threefold higher than routine valueshe deployment of electronic tags on wild fish (Kitagawa et al.,
in teleosts including rainbow trout and yellowtail (Yamamoto2000; Block et al., 2001; Gunn and Block, 2001; Schaefer and
et al., 1981; Bushnell and Brill, 1992; Farrell and Jones, 1992Fuller, 2002; Musyl et al., 2003). Archival tags indicate that
It is unclear whether values recorded in spinally blocked tunaall bluefin species experience a wide range of environmental
represent routine or maximal cardiac performance. Shipboatdmperatures, with a maximal range of 2.8-31°C recorded thus
experiments on freshly caught albacore tunas have yieldddr in Atlantic bluefin. To date, there is little data from large
heart rates similar to those of the tropical tunas while operatingacific bluefin tuna, but young Pacific bluefin tuna similar in
at 15-19°C, but produced threefold lower cardiac outputs dusgze to the animals studied in this paper have been acoustically
to lower stroke volumes (Lai et al., 1987; White et al., 1988)and archivally tracked in the eastern Pacific and experience
The response of the tuna heart to temperature change Hamperatures from 1.8°C to 22°C (Marcinek et al., 2001a;
been studied in free-swimming yellowfin, situ preparations, Kitagawa et al., 2002; B. A. Block et al., unpublished data).
and myocardial strip preparations (Korsmeyer et al., 1997Archival tagging of juvenile Pacific bluefin tuna in the
Freund, 1999; Shiels et al.,, 1999; Blank et al., 2002)western Pacific indicates that these fish primarily encounter
Measurements on instrumented yellowfin tuna swimming in g&emperatures of 12—22°C but dive into waters as cold as 5°C
flume indicate a trade-off between reduced heart rate ar{itagawa et al., 2000, 2001, 2002). In the eastern Pacific,
increased stroke volume with falling temperatures, resulting iwhere juveniles of both yellowfin and bluefin tuna have been
a decrease of cardiac output (Korsmeyer et al., 199%jtu  tracked, acoustic tracks indicate that yellowfin tuna primarily
heart preparations exhibit a similar trade-off between heart rateecupy waters above 17°C. Periodic dives below this ambient
and stroke volume, indicating that these responses are intringemperature to 11°C lasted for only a few minutes and the tuna
to the heart (Blank et al., 2002). Heart rates of yellowfimquickly returned to the surface, suggesting a physiological
tuna in situ dropped from 10®eatsminl at 25°C to limitation (Block et al., 1997).
19.8beatsmin-1 at 10°C, while experimental maximal stroke Bluefin tunas conserve metabolic heat and face a unique
volumes rose from 0.91 at 25°C to 118Bkgtat 10°C (Blank  physiological challenge when diving below the thermocline or
et al., 2002). This results in a drop in cardiac output fronencountering cold surface waters at high latitude. The heart
98mlkgiminl at 25°C to 28nlkgiminl at 10°C. rapidly equilibrates to cold ambient temperatures (Brill, 1987;
Experiments on isolated atrial and ventricular strips fronBrill et al., 1994), but vascular countercurrent heat exchangers
yellowfin tuna produced similar results, indicating that fallingdefend the temperature of the brain, eyes, swimming muscles
temperatures increase contractile force but reduce sustainallled viscera, maintaining warm tissues which demand high
contraction frequencies (Freund, 1999; Shiels et al., 1999). cardiac outputs (Brill et al., 1994). This raises the possibility
In contrast to data on metabolic rate and cardiovasculdhat cardiac performance in cold ambient conditions limits the
function in yellowfin, skipjack and albacore tunas, notuna’s thermal niche and behavioral performance (Brill et al.,
measurements of heart performance or metabolic rate hat898, 1999; Block et al., 1997; Marcinek et al., 2001a). What
been made in any species of bluefin tuna eiitmefivo or in has not been directly addressed in many studies is how and
situ. This is in large part due to the challenges of maintainingvhy this physiological limitation occurs.
captive bluefin tuna in land-based facilities. Several studies In this study, thén situ heart preparation of Farrell et al.
have investigated cardiac morphology and metaboli€1992) was used to measure cardiac performance, including
biochemistry of the Atlantic and Pacific bluefin tumaunnus  heart rate, stroke volume and cardiac output in bluefin tuna
thunnusand Thunnus orientaligBasile et al., 1976; Maresca across a range of temperatures likely to be encountered in
et al., 1976; Balestrieri et al., 1978; Tota, 1978; Gemelli et althe wild (2-30°C). In situ preparations have been used
1980; Greco et al., 1982; Marcinek et al., 2001b). These studissiccessfully to study heart function in a variety of fish species
have shown that Atlantic bluefin tuna hearts are proportionallgFarrell et al., 1983, 1988), including yellowfin and skipjack
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tuna (Farrell et al., 1992). The use of fhesitu technique (0.057£0.009% and 0.322+0.025% of body mass),
allows comparison of the data presented here with similatespectively. Atrial and ventricular masses of one albacore tuna
measurements of temperature sensitivity in yellowfin tunavere 2.01g and 11.279 (0.038% and 0.213% of body mass),
heartsin situ (Blank et al., 2002). Tha situ preparation was respectively.
also applied to one albacore tuffdunnus alalungathat
became available during the course of the experiments, and Cardiac performance tests
data are reported here for comparison. Because aerobicOnce the fish was placed into the saline bath and the heart
capacity is an important component of cardiac performancayas successfully recycling fluid to the reservoir, a set of tests
citrate synthase activity, a commonly used index of tissuaas completed, comprising measurements at standard
aerobic capacity, was measured in homogenates of Pacifionditions, maximum flow, maximum power, and standard
bluefin tuna atrium and ventricle. conditions again. Standard conditions were defined as input
pressure of 0-0.0Pa and output pressure of approximately
6 kPa. To determine the maximum flow that the heart could
produce, input pressure was elevated to kP& and cardiac
Fish output was allowed to stabilize (maximal flow conditions).
Pacific bluefin tuna Thunnus orientalisTemminck and Following a brief recovery period, input pressure was again
Schlegel 1844) were captured by hook and line off San Diegelevated to ~2.4Pa and output pressure was simultaneously
CA, USA, held on board the fishing vessel in wells filled withincreased to ~1kPa and then elevated in additionakPa
flowing seawater, and transported by truck to the Tunateps until power no longer increased (maximal power
Research and Conservation Center (TRCC) in Pacific Grovepnditions). Standard conditions were intended to approximate
CA, USA. Fish were held in 1083 circular tanks containing in vivoconditions for a fish in a relaxed state, while conditions
20+1.5°C seawater and fed a diet of squid and enriched gelatiof, maximal flow and pressure were intended to evoke the
as previously described (Farwell, 2001). All fish were feedingnaximal performance of the heart.
prior to experiments and were used within 60 days of arrival
at the TRCC. The mean body mass of bluefin tuna used for Temperature experiments
situ preparations was 6.75+£0.k§ (mean is.e.m., N=9, range With input and output pressures at standard conditions, the
6.04-7.4%g). A single albacore tuna (5.89) was also temperatures of the bath saline and perfusate were
studied. The mean body mass of fish used for citrate synthasienultaneously adjusted over a period of 8if and the
(CS) assays was 15.9+%g (mean *sEeM., N=6, range preparation was allowed to equilibrate for 3n prior to
6.3-36.7kg). Tissue samples used for CS assays were takenraeasurements at the new temperature. Control tests at 15°C
sea or within 5 days of arrival at the TRCC. All proceduresvere completed between measurements at each test
were conducted in accordance with Stanford Universityemperature. In cases where cardiac output at standard

Materials and methods

institutional animal use protocols. conditions declined by more than 10% from the initial control
_ _ _ test, data at the test temperature were normalized by the ratio
Fish handling and surgical procedures of initial values to control values bracketing the test

Fish were captured in a nylon sling, transported out of theemperature. Experiments were completed within a period of
tank in an envelope of sea water and euthanized by pithin@0—-150min following surgery.
The spinal cord was ablated by insertion of a&@0piece of
120kg test monofilament to eliminap®st-mortenswimming Solutions
motions. Surgical procedures were identical to those describedRinger’s solution consisted of (in mmiot) 185.7 NaCl, 1.1
previously (Blank et al., 2002). The peritoneal cavity wasMgCly, 7.0 KCI, 3.22 Ca@| 10 sodium pyruvate and 10
opened ventrally and the sinus venosus was cannulated aHdpes. The pH was adjusted to 7.8 at 20°C by addition of
perfused with oxygenated Ringer’s solutida a hepatic vein. NaOH. Epinephrine was maintained in the Ringer’s perfusate
A second cannula was inserted into the ventral aorta to receia¢ 1nmoll-L The perfusate was bubbled with 100% oxygen
output from the heart. The coronary artery was cannulated anldroughout the experiments. Saline for thd B&th was made
perfused with oxygenated Ringer's successfully in seven afp as a 1:3 mixture (v/v) of seawater and tapwater (or ice as
nine preparations. The pericardium was kept intact. Afteneeded).
surgery, the entire fish was transferred to &iiSulated water
bath filled with saline at 15°C. The input cannula was Instrumentation, calibrations and analysis
connected to insulated perfusate reservoirs and recycling of Flows were measured with a Transonic 6-N in-line flow
perfusate was initiated by moving the output tubing back t@probe connected to a Transonic T-106 flow meter (Transonic
the perfusate reservoirs, which set output pressure &ystems Inc., Ithaca, NY, USA). Both input and output
approximately &Pa. At the completion of each experiment, pressures were measured with pressure transducers from
the atrium and ventricle were removed, cut open, blotted dmiDInstruments (Sydney, Australia). Flow and pressure signals
on paper towels and weighed. Mean atrial and ventriculavere read by a Powerlab 8s hooked to a Macintosh G4
masses of Pacific bluefin tuna were 3.85+@@Hd 21.8+3.99  computer running Chart 4.0 software (ADInstruments). Flow
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15 Tablel. Temperature effects on cardiac parameters
a 94 Temperature
% 61 Parameter (°C) Standard Maximal N
> 30°C|  Heart rate 2 161:0%  133:0.9 3
3 10- (beatsmin-?) 5 23.1+1.8 21.1#1.4 6
= Q_A/\/W\/\/\/\/\/\ 10 36.4+2.2 33.4+3.4 6
3 64 15 54.7+2.2 55.3£3.5 8
3 3- 5°c 20 78.2+3.4 83.8t5.2 7
g 0 25 100.1+2.% 104.5+6.5 6
5 124
8 91 Stroke volume 2 0.86+0.61  1.32+0.10 3
6 _._/\/\——/\/\___ (ml kg™Y) 5 0.86+0.0%  1.24+0.07 5
31 2°C 10 0.57+0.08 1.21+0.03 4
0 T T T T T 15 0.37+0.02 1.23+0.04 6
0 2 4 6 8 10 20 0.23+0.0¢  1.11x0.03 3
Time (s) 25 0.18+0.0¢  1.06x0.07 4
Fig.1. Heart rate from a Pacific bluefin tuna heart perfused wit .
Ringer’s solutionin situ. Cardiac output pressure data from a singletbard'acloutpﬁ 2 14.2£0.9 18.1x8.7 3
fish at 30°C (top), 15°C (middle) and 2°C (bottom) are shown. (ml kg™ min™) 12 ;géﬁg ig;ﬁgg 2
15 20.5£1.3 67.5+38 6
signals were calibrated by weighing the saline output over gg %gfgi 1322%3 j
measured time. Pressure signals were calibrated with a wa B T
manometer. Mean flow, pressures, power and heart rate wep o, 2 0.46+0.03 0.43+085 3
calculated from 5 or 6 beats at each temperature ar iy g1 5 0.61+0.08 0.74+0.B1 5
experimental condition using the Powerlab program. Powe 10 0.67+0.11 1.41+0.79 4
output is expressed as myv! heart(ventricle+atriumymass. 15 0.65+0.06 2.75+0.30 6
Results at different temperatures within the standard c 20 0.50+0.07 3.59+0.7¢ 3
maximal condition were compared by single-factor analysis ¢ 25 0.65+0.09 4.38+0.68 4

variance (ANOVA) and Student—Newman-Keysst-hoc
tests. Differences between standard and maximal conditions Values are meansse.m.

individual temperatures were assessed by paitests. Linear Values within a column that do not share a letter are significantly
regressions of performance at different temperatures Wedn‘ferent (P<0.05); where no letters appear, no significant differences

. L were detected.
compared among species by ANOVA. Significance wa: Standard conditions: input pressure 0—-(kB&, output pressure

assessed &<0.05. Data are presented as measE. ~6kPa; maximal conditions: input pressure -4, output

. ressure >1@Pa. See text for details.
Citrate synthase (CS) assays P

Atria and ventricles were removed from wild Pacific bluefin
tuna at sea or within 5 days of arrival at the TRCC and freezéemperature and pressure records, and obtained when the tuna
clamped with copper tongs cooled in liquid nitrogen. Crudevere recaptured and the data downloaded from recovered tags.
homogenates were prepared and CS activity was determined
by the reduction of 5;&ithiobis(2-nitrobenzoic acid) (DTNB)
and the resulting change in absorbance atrdd2using a Results
Perkin-Elmer Lamda 6 spectrophotometer (Norwalk, CT, Thein situperfused heart preparation of Farrell et al. (1992)
USA). The reaction mixture contained 9noll-1 acetyl was used to measure heart rate, stroke volume, cardiac output
CoA, 0.25mmoll-1 DTNB, 0.5mmoll-1 oxaloacetate and and myocardial power output in spontaneously beating Pacific
50mmoll-1 imidazole, pH7.83 (Hansen and Sidell, 1983). bluefin tuna hearts perfused with Ringer's solution at

Reactions were conducted at 25°C. temperatures ranging from 30°C to 2°C. Raw data records
. _ indicating heart rate at three temperatures are shown id.Fig.
Archival tagging All  preparations continued to beat rhythmically at

Atlantic bluefin tuna were archival tagged as reported itemperatures from 30°C to 2°C; however, cardiac parameters
Block et al. (2001). Implantable archival records in Big. showed significant effects of temperature (Tdble
are from Wildlife Computers MK7 (Redmond, WA, USA) Decreasing temperatures induced pronounced bradycardia,
archival tags placed in bluefin tuna of 208 and 21Zm  with heart rate falling from 105+6&eatsmin-1 at 25°C to
curved fork length in January 1999. Data were recorded dt3.3+0.9beatsmin™! at 2°C (Q¢=2.5, P<0.001) (Fig2A).
2min intervals for ambient external temperature, internaHeart rate was unaffected by changes in input pressure or
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output pressure except at 2°C. Warn ~ 120 ~ 20

Pacific bluefin tuna hearts to 28 £ ;501 A A ? 161 B

worked well but mixed results occunt £ 80 a E- 3

at 30°C. This is most likely due to 1 5 g 121 ¢ e s o s

limitations of thein situ preparation ¢ % 60 1 o) 2 ogglo o

the highest temperatures where oxy 8 40 g > ' a

demand is the greatest. When wam § 204 g © S 047 ° 5 5

the heart to 30°C, function could T . . . . . n 0 . . . . .

retained only if input pressure w 0 5 10 15 20 25 30 0 5 10 15 20 25 30

elevated to produce maximal fl

conditions prior to warming. Warmii £ 120 6.0

the heart to 30°C under stand £ 190/ C L] ~ 50D

conditions of ambient input press I 80 i o) 40, }

typically resulted in arrhythmia or failu. € ® . }

of the heart. Heart rates recordec =5 60 1 bl 3.0 ®

three preparatons at 30°C w S 401 L] g 2.0

156+9.4beatsminL. % 201{@ 8 o0 o 4 o 101 ¢ : o o
Cardiac output and power output w '?U 0 , , , , , 0l - _ 9 -

unaffected by temperature whenthet O 0 5 10 15 20 25 30 0 5 10 15 20 25 30

was perfused under standard condit Tenyperature (C) Tenperature C)

(Fig.2C,D, open circles). Althou

heart rate decreased with decrea Fig.2. Cardiac performance in bluefin tuma situ. Values of cardiac parameters were

. recorded in spontaneously beating bluefin tuna hearts perfmssitl with oxygenated
t?mp,erature' there was a, Compens‘ Ringer’s solution at temperatures of 2—25°C. At each test temperature, values were recorded
r|§e _'_n stroke volume, which increa: at standard conditions (open circles) of ambient input pressure and then input pressure was
significantly from 0.18+0.01fnl kg™ al  elevated to maximize stroke volume and cardiac output (A-C, filled circles). Input and
25°C to 0.86+0.01fnlkg™ at 2°C  output pressures were then elevated until power output was maximized (D, filled circles).
(P<0.001, Fig2B). Cardiac outpu (A) Heart rate, (B) stroke volume, (C) cardiac output, (D) power. Values are means.

were 20.6+2.6nl kg-tmin~! and powe  N=3 (2°), N=4 (10°, 20°, 25°),N=5 (5°), N=6 (15°). Significant differences between
outputs were 0.67+0.IrhW g—l at 10°C standard and maximal conditiori<Q.05) occur in A at 2°C only, in B at all temperatures,
Stroke volumes and cardiac output: in C at all temperatures5°C and in D at all temperaturesl0°C. Significant differences

30°C are not reported due to failure betwggn temperaturgs are indicated in Tabl€&or details of standard and maximal

the preparations to return to con conditions, see Materials and methods.

conditions at 15°C.

In contrast to standard conditions, maximal cardiac outputlentical preparation (Blank et al., 2002). All three species
and power output increased directly with temperature due tshow a strong temperature-dependence of heart rate with an
increases in heart rate combined with constant stroke volumapparent difference in the lower limit. Heart rate of the single
Stroke volumes were greater at maximal flow conditionslbacore tuna decreased from I&@&tsmin~l at 20°C to
relative to standard conditions at all temperatures0(05). 38beatsmin1 at 10°C (Fig3A). For all three species, stroke
This difference was more pronounced at warmer temperaturesjlume is less sensitive to temperature than heart rate. In
where maximal stroke volume at 25°C showed a nearly sixfoldlbacore tuna, stroke volume rose from 0%g! at 20°C
increase over standard conditions. However, maximal stroke 1.423ml kg1 at 10°C (Fig3B). Cardiac output fell from
volume showed no significant effects of temperature82mlkg? min~l at 20°C to 54nlkg? min~1 at 10°C
rising only slightly from 1.06+0.0flkg? at 25°C to (Fig.3C). Power output was greater in the albacore tuna than
1.32+0.10ml kgt at 2°C (Fig.22B, filled circles). Maximal in bluefin tuna when normalized to the smaller heart mass of
cardiac output showed a strong temperature effect, increasitige albacore (Fig3D).
from 18.1+1.7ml kg~ min—1 at 2°C to 106+5.ml kg~1 min—1 To examine the aerobic capacity of the Pacific bluefin heart,
at 25°C (Qo=2.0) (P<0.001, Fig2C, filled circles). Maximal CS activity was measured in atria and ventricles at 25°C.
power outputs also increased significantly at higheCS activities in atria and ventricles were 77+£3.1 and
temperatures, rising from 0.43+0.08N gl at 2°C to 95+3.1U g-lwetmass, respectively.
4.38+0.68mW gt at 25°C (Qo=2.75) €<0.001, Fig2D,
filled circles).

In Fig.3, cardiac performance measured with imesitu Discussion
perfused heart technique is compared in three species of tunaThis paper presents the first measurements of cardiac
The maximal cardiac performance of a single albacore tungerformance in the intact heart of the Pacific bluefin tuna
testedin situfrom 10°C to 20°C is shown in comparison with Thunnus orientalisin situ heart preparations perfused with
data from bluefin tuna and yellowfin tuna tested with arRinger’s solution yielded data on heart rate, stroke volume,
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~ 120 —~ 20 Fig. 3. Comparison of cardiac performarice
I= 100- A i ® B situ in three tuna species. Maximal values of
1S 8 E 16 3 cardiac parameters recorded in spontaneously
% 80 1 > 2 124 [ § F beating hearts of albacore tuna (red triangles),
£ 60 & % 2 g bluefin tuna (blue squares) and yellowfin tuna
g 40 - o S 087 (yellow diamonds) are presented. (A) Heart
= & © 1 rate, (B) stroke volume, (C) cardiac output,
g 20 4 B o x 04 . )
= 'S = (D) power output. Sample sizes for bluefin
- 0 T T T y T » 0 T T T T T tuna are as in Fi@. Values are means =
0O 5 10 15 20 25 30 0 5 10 15 20 25 30 gg . for yellowfin tunaN=4 (10°, 25°)N=5
& (15°, 20°); for albacore tun&l=1.
E 120 8.0
% 100 C % - D * _ _ _
2 o) g & 601 a bluefin tuna despite a smaller relative
£ 8 % % heart mass (0.21% relative ventricular
= 60 a 9 E 4.0 A ? mass). This resulted in greater myocardial
£ 40/ ] § 20 8 power output when normalized to heart
§ 20| m ® * ' x mass. The maximal cardiac outputs of
s o ol=m® - 106.2+5.1ml kgL min-Lin Pacific bluefin
O 0 5 10 15 20 25 30 0 5 10 15 20 25 30 tuna at 25°C were within the range
Temperature (C) Tenperature (C) previously recorded in yellowfin and

skipjack tuna (Bushnell and Brill, 1992;
cardiac output and myocardial power output in Pacific bluefirarrell et al., 1992; Jones et al., 1993; Blank et al., 2002).
tuna ranging in size from 6.0 to k§. Overall, cardiac Importantly, maximal cardiac outputs of Pacific bluefin tuna
performance was comparable to published data on juvenilgere significantly less temperature sensitive than those of
yellowfin tuna (1-%g) (Bushnell et al., 1990; Bushnell and yellowfin tuna across the measured temperature range
Brill, 1991, 1992; Farrell et al., 1992; Jones et al., 1993(P<0.01), resulting in significantly higher cardiac outputs at
Korsmeyer et al., 1997; Blank et al., 2002); however, severddw temperatures (Fi®C) (Blank et al., 2002).
significant differences were observed, which may represent In Pacific bluefin tuna as in yellowfin tuna, there is a
important distinctions in cardiovascular physiology amongsubstantial decrease in cardiac performance at low temperature
Thunnusspecies. due to decreases in heart rate. This cold-induced bradycardia
is accompanied by a low cardiac scope, or ability to increase
Temperature effects on in situ cardiac performance  cardiac output from standard to maximal conditions through
Pacific  bluefin tuna heart rates ranged fromchanges in stroke volume at lower temperatures {figrhe
156+9.4beatsmin~! at 30°C to 13+0.®eatsmin™! at 2°C  calculated value for scope indicates the cardiac response to
(Table 1; Fig2A). Heart rates of albacore tuna (F3@\) were increased filling pressure (i.e. the Starling effect). It is possible
similar to those of bluefin tuna from 10°C to 20°C and slightlythat cardiac performance at maximal conditions would be
lower than those previously recorded in anesthetized albacoferther increased by adrenergic stimulation, although only
tuna (Lai et al., 1987; White et al., 1988). While the absolutemall effects of epinephrine were seen in yellowfin tuna hearts
values of Pacific bluefin tuna heart rate were within the rangea situ(Blank et al., 2002). In addition, perfusion with Ringer’s
of heart rates previously reported in yellowfin tuna at 25°Csolution rather than blood may impose an oxygen limitation on
Pacific bluefin heart rates were significantly higher than thostne heart, particularly at higher temperatures, where workload
of yellowfin tuna at temperatures from 15°C to 2°C. The mosincreases while oxygen supply decreases. At maximal
important distinction among the species is that the Pacificonditions, improved Ilumenal perfusion accompanying
bluefin tuna heart rates showed a significantly loweincreases in cardiac output may help to offset such oxygen
temperature dependence than those of yellowfin across thmitation. This might explain the ability of bluefin hearts to
tested temperature®<0.0001, Fig3A). The Qo for Pacific  function at 30°C at our maximal flow conditions but not at
bluefin heart rate was 2.1 between 25°C and 10°C comparstandard conditions. Whether our maxinralsitu conditions
to 3.1 for yellowfin across the same temperatures (Blank et abucceed in reproducing maximad vivo cardiac output is
2002). Maximal stroke volumes of 1.1-h kg measured unclear due to the absenceimf/ivo measurements of cardiac
in Pacific bluefin tuna were not significantly affected byoutput in bluefin tuna. In our previous study (Blank et al.,
temperature change between 25° and 2°C and were similar 2002),in situ values for maximal cardiac output in yellowfin
those of yellowfin tuna. Albacore tuna stroke volumeguna matched values recorded in spinally blocked fish.
exceeded those previously recorded in albacore tuna more thidowever, maximal cardiac outputs of both yellowfin and
threefold, resulting in over twofold higher maximal cardiacbluefin tuna are similar to those measured in recersitu
outputs (Lai et al., 1987; White et al., 1988). The albacore heastudies in triploid brown trout (Mercier et al., 2002), despite
yielded similar stroke volume and cardiac output to that ofthe difference in metabolic rates between trout and tunas
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800 - sarcoplasmic reticulum (SR) proteins, in particular the SR Ca
o O Cardiac output ATPase (Landeira-Fernandez et al., 2004) and SR calcium
% 600 { @ Power release channel (J. M. Morrissette and B. A. Block,
2 400 unpublished data). SR contributes to cardiac function by
> providing an intracellular calcium store, thereby reducing
gi 200 - diffusion distances and accelerating rates of force development
& and relaxation (Bers, 2002). Increased SR contribution to E-C
01 . ' ' ' ' coupling is commonly implicated in myocardial cold tolerance
0O 5 10 15 20 25 30 in studies of cold-acclimation in fish (Keen et al., 1994; Aho

Temperature (°C) and Vornanen, 1998) and hibernation in mammals (Liu et al.,

Fig.4. S for i . i iUt bol 997). While the SR was long thought to play a minimal role
'g. 4. Scope for increase in cardiac output (open symbols) ang, oo o6t hearts (Farrell and Jones, 1992), recent work has
myocardial power output (filled symbols) iof situ perfused bluefin

tuna hearts at temperatures of 2-25°C. Scope was calculated fr(g‘ﬁgun to clarify its importance in a variety of fish species.

data in Tabld as the percentage difference between mean values &p.plication of ryanodine to block SR funption in.myocardial
cardiac power output at standard conditiorss maximal flow  Strips has been shown to reduce force in a variety of teleost

(cardiac output) or maximal power (power output) conditions. cardiac tissues (Hove-Madsen, 1992; Mgller-nielsen and
Gesser, 1992; Keen et al., 1994; Aho and Vornanen, 1998;
Shiels et al., 1998). In addition, patch-clamp techniquesrand
(Altimiras et al., 2002). This discrepancy suggests that tuneitro Ca2* uptake assays have demonstrated SR Qgatake in
hearts may be capable of greater cardiac outputs than thaseut myocardium (Aho and Vornanen, 1998; Hove-Madsen et
revealed byin situ preparations. al., 1998). Application of ryanodine to block SR function in
myocardial strips has particularly pronounced effects on force
Cellular factors influencing cardiac temperature sensitivity development of yellowfin tuna heart (Shiels et al., 1999). New
The most notable feature of this study is that the Pacifimeasurements of €auptake and Cd ATPase activity in
bluefin tuna heart continues to function at cold ambien8SR vesicles of scombrid hearts indicate that Pacific bluefin
temperatures (2°C). The cellular adaptations that allow w®entricle has high SR €aATPase activities that exceed those
bluefin tuna heart to function in the cold remain largelyof yellowfin and albacore tuna (Landeira-Fernandez et al.,
unknown. High aerobic capacity may be an importanR004). While many other factors regulate heart iratgitu as
contributor to maintenance of ATP supplies in hearts workingvell as in wild fish, high ventricular SR €aATPase activity
at very cold temperatures, although cold-acclimation has littlenay be a critical factor permitting bluefin tuna to sustain heart
effect on aerobic capacity in the striped bass heart (Rodnictate in extraordinarily cold waters. As indicated by Landeira-
and Sidell, 1997). Citrate synthase activities of 77+3.1 an&ernandez et al. (2004), the enhancement of SR LEPase
95+3.1U glwetmass at 25°C in atrium and ventricle of protein expression in all tunas in comparison to their sister taxa
Pacific bluefin tuna indicate that aerobic capacity is elevateshay be a key specialization underlying increased cardiac
relative to those of teleosts such as trout and striped bapsrformance ifmhunnus
(Rodnick and Sidell, 1997; Clark and Rodnick, 1998).
However, these values are similar to aerobic capacities Ecological implications of cardiac thermal sensitivity
measured in endothermic and ectothermic scombrids, Our results indicate that improved cardiac performance in
including yellowfin tuna, Eastern pacific bonito and Pacificthe cold at the cellular and organismal levels may contribute
mackerel (Freund, 1999), suggesting that differences ito the ability of the bluefin tuna to penetrate into a cooler
thermal sensitivity of tuna hearts are not related to the aerobibermal niche. Bluefin tunas occupy temperate and sub-polar
capacity of the myocardium. Several lines of evidence point ttatitudes where ambient water temperatures at the surface and
specializations in excitation—contraction (E—C) couplingat depth are cool. The ability of the bluefin tuna heart
proteins as a critical factor in achieving high heart rates ant maintain contractile performance at extremely low
cold tolerance of tuna hearts (Shiels et al., 2002a; Landeiréeemperatures is critical to this ecological niche expansion.
Fernandez et al., 2004). New measurementstgpe calcium  Yellowfin tuna studied with acoustic tags at the northern
channel function in cardiac myocytes of Pacific bluefin tungcoolest) portion of their range primarily occupied waters with
indicate that peak Cacurrent amplitudes and kinetics in the surface temperatures greater than 17°C and occasionally dived
atrium are enhanced relative to those of many other teleodts depths where ambient temperatures were 11°C (Block et al.,
(Shiels et al., 2002a).-type calcium channel function is 1997). Most dives below these temperatures lasted less than a
enhanced in atrium of bluefin tuna relative to Pacific mackereminute or two and yellowfin tissue temperatures were unlikely
but the contribution of this channel to E-C coupling in otheto equilibrate to such low ambient temperatures. The
tuna species remains unexplored. physiological limitations that prevent yellowfin tuna from
Biochemical studies of ventricles of several tuna speciesemaining below the thermocline to forage extensively have
indicate that increased performance and cold-tolerance immained unknown. Most studies of yellowfin tuna, including
Pacific bluefin tuna hearts may depend on increased levels toécking studies in warmer waters, show similar ‘bounce’
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diving (Brill et al., 1999) where time in cool deep waters in 0 2 4 6 8 10 12 14 16 18 20 22 24
short. Electronic tagging of juvenile Pacific bluefin tuna in the 0 I
eastern Pacific demonstrated that this species makes reg. 100t
migrations to cold temperate latitudes where surface waterse 200}
significantly colder (11-14°C). During these prolonged period: 3ol
of feeding at high latitudes the juvenile Pacific bluefin tune 200!
dive frequently, encountering waters as cool as 1.8-7°
for short durations (Block et al., 2001; B. A. Block, 500
unpublished data). This differs from the western Pacific, wher 600}
electronically tagged juvenile bluefin tuna primarily occupy — 700f
warmer temperatures (Kitagawa et al., 2002). E 800

Electronic tagging data from Atlantic and Pacific bluefin 0 S 35
tunas indicate that larger bluefin maintain significantly large O m

. . 100¢ 130

temperature differentials between mean body temperature a
ambient water temperature while foraging in cold seas (Bloc 200 M 25
et al., 2001). This most likely results from increased therme 300 \——»«‘\_/f-zo
inertia, the increased mass of aerobic muscle and visce  400f
contributing to whole body heat production, and the extensiv. 500} 1o
retia mirabilia. Thus far, the only internal peritoneal  gog WMW-N
temperature data from bluefin tuna exceeding Ktbhave 200l B :E}‘fgﬁ‘d temp 5
come from the Atlantic Ocean. Mature Atlantic bluefin tuna 5001485 — External temp
(200-400kg) tracked with archival tags spend up to 7 months¢ Time
of the year north of 50°N latitude, feeding in waters with_ o _ ) _ _
surface temperatures as cool as 7-9°C (Block et al., 200Flg.5. Diving behavior of Atlantic bluefin tunas recorded with

2003). Such long-term residency in temperate and sub- OIelectronic tags. Data on ambient and internal temperature and
) 9 y P P pressure are recorded ami intervals for two Atlantic bluefin tuna

seas by Atlantic quefln tuna poses a challenge for the heg, .o North Atlantic. (A) Fish 521; 21@n, 17%g; (B) Fish 485:
that only mature bluefin tuna appear to have solved. Some, kxogem, 154kg at time of release. Days shown are representative of
not all, mature Atlantic bluefin tuna (1%@ or larger) display  behaviors observed daily in the Gulf of Maine (A) and Flemish Cap
a repetitive diving pattern where peritoneal temperatur(B). Both fish show a pattern of rapid diving into cool water and
remains constant, despite repetitive dives into cool waterregular returns to the surface. Conservation of internal body
(Fig. 5). This diving pattern suggests a potential physiologicatemperature is also shown. The lack of any temperature effect
limitation that may be induced by cooling of the heart, as wa(significant cooling) on the peritoneal cavity suggests that the
observed previously in electronic tracking records of big_ey(conti_nuous resurfacing ‘may be associated with phy_siological
tuna (Brill et al., 1998 1999). Tunas foraging in cold seas facerequirements for rewarming of the heart and reoxygenation of the

the challenge of maintaining oxygen delivery to warm aerobiiSsues:

tissues while heart temperature declines. Although metabol

rate has not been measured in any species of the bluefin turesue and myoglobin stores. This ‘bounce’ diving behavior is
group, it is likely that bluefin tuna have metabolic rates similatess apparent in giant bluefin tuna of large size encountering
to, or higher than, tropical tunas of similar size. The high levesimilar conditions in sub-polar and polar seas, suggesting that
of heat production and heat conservation in adult bluefithey have somehow overcome this limitation.

(Carey and Teal, 1969; Carey et al., 1984) is likely to maintain While cold tolerance is clearly important for allowing bluefin
high rates of oxygen consumption in the slow-oxidative muscléuna to exploit prey resources at higher latitudes and in deep
and visceral organs and high tissue metabolic rates even in thaters, the ability to maintain function in warm waters is also
face of cold ambient temperatures. It has been suggested tiraportant. All tunas of the gend$iunnusreed in warm waters
high myoglobin levels in tuna slow-twitch axial muscle mayranging from 23°C to 31°C (Schaefer, 2001; Block et al., 2001,
serve as an oxygen store during brief periods of cold-induce8. L. Teo and B. A. Block, unpublished data). These warm
bradycardia in bluefin tuna, in a manner analogous to theaters may constitute another major physiological challenge
oxygen reserve of marine mammals (Marcinek, 2000). Whiléor giant adult bluefin. In adult bluefin tunas, peritoneal
the adaptations for enhanced performance lead to impressitemperatures as high as 33°C have been recorded (Block et
cold tolerance in giant Atlantic bluefin, thermal limits are stillal., 2001; B. A. Block, unpublished data), suggesting that
apparent. Atlantic bluefin tuna encountering cold conditiongxtraordinarily high tissue oxygenation demands occur during
(ambient waters <4°C) may be unable to elevate cardiac outpoiteeding in warm waters with relatively low oxygen content.
sufficiently to support strenuous feeding activities at depth foGiant bluefin tunas breeding in warm waters may approach the
extended periods and may be forced to return continuously tmnits of their cardiac capacity. As heart rate reaches an upper
the surface where warmer ambient waters contribute to high#rermal maximum, the tendency for stroke volume to fall with
heart rates, higher cardiac outputs, and reoxygenation of tlmcreasing temperatures imposes a limit to increases in cardiac

epth(|

Tempeature (°C)
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output in fish encountering acute high temperatures (Farrell etB. (1978). Amino acid composition and physicochemical properties of
al., 1996). Falling stroke volumes at higher temperatures resultP!uefin tuna Thunnus thynnjsmyoglobin.Comp. Biochem. Physids0B,

from a combination of factors, including thg negative force.—BaS"e, C.,'Goldspmk' G., Modigh, M. and Tota, B(1976). Morphological
frequency curve of most teleost ventricular tissues in and biochemical characterisation of the inner and outer ventricular
combination with the Starling (Iength—tension) effect (Shiels et myocardial layers of adult tuna fishlunnus thynnuk.). Comp. Biochem.

. Physiol.54B, 279-283.
al., 2002b)' The low temperature-dependence of maximal stro rs, D. M.(2002). Cardiac excitation—contraction coupliNgture415, 198-

volume in Pacific bluefin tuna hearts suggests that they may haveos.
the ability to maintain contractile force at higher frequencie®lank, J. M., Morrissette, J. M., Davie, P. S. and Block, B. A(2002).

. . . Effects of temperature, epinephrine andQm the hearts of yellowfin tuna
associated with higher temperatures. As a result, OXYgen y,nnus albacargsd. Exp. Biol.205 1881-1888.

delivery can be maintained while the fish are on the warmlock, B. A., Boustany, A., Teo, S. L., Walli, A., Farwell, C. J., Williams,

spawning grounds. Although heart rate continues to increase afl- D., Prince, E. D., Stokesbury, M., Dewar, H. D., Prince, E. D., Seitz,

o L . . and Weng, K. (2003). Distribution of western tagged Atlantic bluefin
temperatures up to 30°C, there may be an upper limit assouate@ma determined with archival and pop-up satellite t8gs. Vol. Sci. Pap.

with calcium cycling enzyme kinetics in the bluefin myocyte |ccaTss, 1127-1139.
that result in a ceiling above which performance declinegBlock, B. A, Dewar, H., Blackwell, S. B., Williams, T. D., Prince, E. D.,

. . e . Farwell, C. J., Boustany, A., Teo, S. L., Seitz, A. and Walli, A2001).
Ultimately, this may limit cardiac performance and oxygen Migratory movements, depth preferences, and thermal biology of Atlantic

delivery. Evidence for such an upper limit may be seen in the pjuefin tunaScience293 1310-1314.
high mortality associated with capture (a sympathetic stress) 8fock, B. A, Keen, J. E., Castillo, B., Dewar, H., Freund, E. V., Marcinek,

. . . - . - : D. J., Brill, R. W. and Farwell, C. (1997). Environmental preferences of
glant bluefin on scientific Iongllnes in the Gulf of Mexico yellowfin tuna Thunnus albacargsat the northern extent of its randéar.

(A. M. Boustany and B. A. Block, unpublished data). Improving Biol. 130, 119-132.
techniques to allow measurement of cardiac performance at higteck, B. A. and Stevens, E. D(2001). Tunas: Physiology, Ecology and

; " . :~ ~ Evolution vol. 19,Fish Physiology San Diego: Academic Press.
temperatures should elucidate the critical upper limit of C":u’dlagrett, J. R. and Glass, N. R(1973). Metabolic rates and critical swimming

performance. speeds of sockeye salmo®r(corhynchus nerRain relation to size and
Maintenance of high cardiac outputs at high as well as low temperatureJ. Fish. Res. Bd. Cag0, 379-387.

; ; s ; rill, R. W. (1987). On the standard metabolic rates of tropical tunas,
temperatures are likely to play a crucial role in increasing thB including the effect of body size and acute temperature ch&isieBull.

thermal niche of bluefin tunas. Understanding how the bluefin g5 25.35.
tuna heart performs over this wide temperature range shoufuill, R. W., Block, B. A., Boggs, C. H., Bigelow, K. A., Freund, E. V. and

provide important information about vertebrate cardiac Marcinek, D. J. (1999). Horizontal movements and depth distribution of
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performance. recorded using ultrasonic telemetry: implications for the physiological
ecology of pelagic fisheddar. Biol. 133 395-408.
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