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Introduction

Endothermy in fish and sharks is rare but two families (Lamnidae and Scombridae) have representatives that maintain elevated tissue temperatures in the brain, viscera and swimming muscles (Bernal et al., 2001). Both salmon sharks and bluefin tuna have convergent morphologies and physiology that permit the conservation of metabolic heat. These fish and sharks are active epipelagic predators that display evolutionary convergence for a number of morphological and physiological properties.  These fish reduce conductance between the body and the sea with counter-current heat exchangers in the viscera, brain and body musculature. Specializations for their active lifestyles include numerous convergent characters including cardio-respiratory characteristics that ensure high rates of oxygen delivery to sustain elevated aerobic metabolism. While the bluefin tunas and salmon sharks maintain elevated internal body temperatures the heart operates at ambient temperatures. The characteristics of maintaining a warm body and a cold heart are rare among vertebrates. 

Cardiac contraction is highly dependent on the free intracellular calcium concentration. The Ca2+-ATPase (SERCA2) enzyme is responsible for removal of Ca2+ from the cytosol, which lowers the intracellular [Ca2+] and allows the relaxation of the cardiac muscle.  Sarcoplasmic reticulum function measured in fish and mammals indicates there is higher calcium uptake in atrium than ventricle (Luss et al., 1999).  In bluefin tuna, a prior study has shown that the ventricle SERCA2 activity is highly temperature dependent (Landeira et al. 2004). In this study, SERCA2 activity of atrium was examined in response to temperature in bluefin tunas (Thunnus thynnus) and salmon sharks (Lamna ditropis). For comparison, Western blot analysis was also examined in the closely related mako (Isurus oxyrinchus) and more distantly related thresher shark (Alopias vulpinus). 

Methods

For atrium microsomal isolation, the fishes were euthanized and the hearts were immediately removed. Atriums were sliced into small pieces, freeze-clamped and stored in liquid nitrogen. Atrium SR-enriched vesicle isolation was prepared by a protocol described in Landeira et al. (2003). Ca2+ uptake was measured with a calcium sensitive dye (fura-2) method described in Liu et al. (1997). Atrial microsomal fractions (30(g protein) were separated by electrophoresis on 7.5% SDS-PAGE for gels and Western blot analysis. 

Results

Gel electrophoresis of vesicles derived from all of fish atrium tested indicates that most of the microsomal vesicles protein migrated as 110kDa band characteristic of the SERCA2 enzyme. Western blot analysis shows that the single 110 kDa band reacts with a polyclonal antibody raised against a conserved cardiac SERCA2 protein sequence (Fig. 1). 

The atrial microsomal vesicles derived from salmon shark and bluefin tuna accumulate Ca2+ and hydrolyze ATP at all temperature tested. The uptake rates increase with the temperature and the fastest rates of uptake were found at 30oC for bluefin and salmon sharks.  At 25oC the salmon shark Ca2+ uptake rate was 5 times higher than tuna (Fig 2). Salmon shark (Laminidae) atrium has higher atrium SERCA2 activity at all temperatures tested when compared with bluefin tuna (Scombridae). These results indicate a high rate of expression of the SERCA2 protein, and a higher capacity for Ca2+ uptake in the salmon shark atrium sarcoplasmic reticulum. This characteristic can produce faster recovery from cardiac muscle contraction in the salmon shark at all temperatures tested. 
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Figure. 1. Western blot analysis of microsomes from atria of different fishes. MM, molecular marker (110kDa); mako (Isurus oxyrinchus); thresher (Alopias vulpinus); salmon shark (Lamna ditropis); BFT bluefin tuna (Thunnus thynnus) 
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Figure. 2. Temperature dependence of Ca2+ uptake (SERCA2) in atrial sarcoplasmic reticulum (SR) microsomes from salmon shark (■) and bluefin tuna (●). Values represent mean ( SE of 3 or 4 individual fish.

References

Bernal, D., K. A. Dickson, R. E. Shjadwick and J. E. Grahan. 2001. Rewiew: Analysis of the evolutionary convergence for high performance swimming in lamnid sharks and tunas. Comp. Biochem. Physiol A 129: 695-726.

Landeira - Fernandez, A.M., J.M. Morrissette, J M. Blank and B.A. Block. 2004. Temperature dependence of the Ca2+-ATPase (SERCA2) in the ventricles of tuna and mackerel. Am. J. Physiol. 286: R398-R404.

Liu, B., D. Belke and L. Wang. 1997. Ca2+ uptake by cardiac sarcoplasmic reticulum at low temperature in rat and ground squirrel. Am. J. Physiol. 273: R1121-R1127.

Luss, I., P. Boknik, L.R. Jones, U. Kirchhefer, J. Knapp, B. Link, H. Luss, A. Messer, F.U. Muller, W. Schmitz, U. Vahlensieck and J. Neuman. 1999. Expression of cardiac calcium regulatory proteins in atrium v ventricle in different species. J. Mol. Cell. Cardiol. 31: 1299-1314.

PAGE  
68

_1145533337.xls
Chart1

		5		0.2208919536		0.2208919536		5		0.5613740852		0.5613740852

		10		1.31875		1.31875		10		3.2601329216		3.2601329216

		15		3.8253509571		3.8253509571		15		8.3002010754		8.3002010754

		20		4.9769374368		4.9769374368		20		8.2228523032		8.2228523032

		25		5.5171284424		5.5171284424		25		13.3237357124		13.3237357124

		30		5.0697218138		5.0697218138		30		10.0949277693		10.0949277693

		35		12.4184234359		12.4184234359		35		21.0271517744		21.0271517744
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Salmon Shark-ventricle

		

						nmol Ca2+/mg/min.

						S. Shark No 3		Ventricles										Rabbit ventricles

						Day prep																						YellowFin		SE

				Temp.		71803				71603				Avearega		King Samon ventr.		Temp.		Avearega		SE		Shark/Rabbit				5		0		0.043

				5		3.423		3.897		3.58		3.8		3.68		2.14		5		1.974		0.204		1.864				10		0.276		0.108

				10		10.1		9.9		8				9.33		3.73		10		5.809		0.844		1.6				15		0.716		0.253

				15		20.4		17.1		17		16.6		17.78		6.22		15		11.916		0.806		1.492				20		1.273		0.205

				20		34.6				29.3		35.3		33.07		10.31		20		22.538		4.035		1.476				25		1.793

				25		52.2				59.2		67.7		59.70		11.92		25		37.279		6.07		1.6				30		1.978

				30						68		65.5		66.75		13.51		30		60.105		4.848		1.1

				35														35		73.867		0.321

																						King Salmon ventr.		(avearge2fish		Bluefintuna		SE		Rabbit Pedro		SE (4)

																				5		2.14				0.347		0.016

																				10		3.73				1.238		0.116

																				15		6.22				3.317		0.212

																				20		10.31				6.157		0.334		28.8		1.71

																				25		11.92				10.424		1.017

																				30		13.51				12.206		1.022

																								Heater organ						temp		BFT Atrium

																								5		-				5				1.05		0.06

																								10		67				10				1.61		0.05

																								15		160				15				3.06		0.95

																								20		156				20		10.71		9.04		0.85

																								25		210				25		14.42		19.24		3.09

																						3.68								30		20.83		22.90		4.72

																						9.33								35		21.43		14.97		5.28

																						17.78

																						33.07

																						59.7

																						66.75

				5		7.89		0.39																		SShark atrium preps

				10		23.00		2.91																		121503a		21304

				15		52.44		9.89																5		-		7.5		7.5		0.00

				20		86.53		3.24																10		-		25.9		25.9		0.00

				25		126.05		11.27																15		41.7		68.2		54.95		18.74

				30		147.04		11.98																20				83.3		83.3		0.00

				35		115.01		21.03																25		125		107.1		116.05		12.66

																								30		125		150		137.5		17.68

																								35		107		83.3		95.15		16.76





Salmon Shark-ventricle

		0		0		0.204		0.204		0		0.016		0.016		0		0		0		0.055		0.055		0		0.3881564884

		0		0		0.844		0.844		0		0.116		0.116		0		0		0		0.0493288286		0.0493288286		0		2.9086661921

		0		0		0.806		0.806		0		0.212		0.212		0		0		0		0.945		0.945		0		9.8900652004

		0		0		4.035		4.035		0		0.334		0.334		0		0		0		0.8462531799		0.8462531799		0		3.239652345

		0		0		6.07		6.07		0		1.017		1.017		0		0		0		3.0906435863		3.0906435863		0		11.2665251804

		0		0		4.848		4.848		0		1.022		1.022		0		0		0		4.7160800578		4.7160800578		0		11.9764099268

		0		0		0.321		0.321		0						0		0		0		5.2786503957		5.2786503957		0		21.0271517744
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Atrium Temp

		temp		BFT atrium preps																						Atrium		Atrium

				2611349		2611349		3324275		12/15/03		3/19/04		3/24/04		AVG		SD		SE						Thresher						Mako

		5		0.99				1.1						1.7		1.26		0.38		0.221		4.22		5		4.21		20.24				0.82		4.70

		10		1.69		1.52		1.62						5.72		2.64		2.06		1.319		8.80		10		8.69		41.78				1.61		9.23

		15		4				2.11						14.4		6.84		6.62		3.825		22.81		15		20.6		99.04				4.87		27.92

		20		7.98				8.42		10.71				28.8		13.98		9.95		4.977		46.64		20		17.44		83.85				12.71		72.88

		25		18.29				25		14.42				39.5		24.30		11.03		5.517		81.09		25		20.8		100.00				17.44		100.00								Shark		Rabbit		Samon ventr.

		30		15.96				31.9		20.83		41.67		39.5		29.97		11.31		5.070		100.01		30		18.9		90.87				15		86.01								3.68		1.974		2.14

		35		8.5						21.43		50				26.64		21.24		12.418		88.90		35		0		0.00				0		0.00								9.33		5.809		3.73

																																										17.78		11.916		6.22

																																										33.07		22.538		10.31

				SShark atrium preps

				12/15/03a		2/13/04		ana		2/24/04		3/20/04		3/22/04		AVG		SD		SE

		5		-		7.5		8.274				5.75		8.52		7.51		1.25		0.56		5.31

		10		-		25.9		20.1				10.56		15.68		18.06		6.52		3.26		12.76

		15		41.7		68.2		47.42				20.1		28.66		41.22		18.51		8.30		29.12																				15.6		58.4

		20				83.3		89.76						58.6		77.22		16.45		8.22		54.56																				50

		25		125		107.1		146.04						83.3		115.36		26.65		13.32		81.51																				102.3

		30		125		150		166.12						125		141.53		20.19		10.09		100.00																				187.5

		35		107		83.3		154.72								115.01		36.38		21.03		81.26

																																												5				15.6		15.6

																																												10				50		50

																																												15				102.3		102.3

																																												20		214		187.5		200.75

																																												25		264		321		292.5

																																												30		375				375

																																												35		281				281

				5-15										5.43

				15-25										3.55

				25-35										1.1





Atrium Temp

		0		0.2208919536		0.2208919536		0		0.5613740852		0.5613740852

		0		1.31875		1.31875		0		3.2601329216		3.2601329216

		0		3.8253509571		3.8253509571		0		8.3002010754		8.3002010754

		0		4.9769374368		4.9769374368		0		8.2228523032		8.2228523032

		0		5.5171284424		5.5171284424		0		13.3237357124		13.3237357124

		0		5.0697218138		5.0697218138		0		10.0949277693		10.0949277693

		0		12.4184234359		12.4184234359		0		21.0271517744		21.0271517744
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Ea

		

				S.Shark Avearege		nmol Ca2+/mg/min.

		Temp		Ventr.		Atrium-prep 071803		Rabbit-Avearega		Pedro-Rabbit		SE																31.8

		5		3.68		8.274		1.974						0.204														24

		10		9.33		20.1		5.809						0.844														28.8

		15		17.78		47.42		11.916						0.806														30.6

		20		33.07		89.76		22.538		28.8		1.71		4.035														28.8		3.43		1.71

		25		59.7		146.04		37.279						6.07

		30		66.75		166.12		60.105						4.848

		35				154.72		73.867						0.321

																														SShark atrium preps

																														121503a		21304		ana

																												5		-		7.5		8.274				7.887		0.55		0.39

																												10		-		25.9		20.1				23		4.10		2.91

																												15		41.7		68.2		47.42				52.44		13.94		9.89

																												20				83.3		89.76				86.53		4.57		3.24

																												25		125		107.1		146.04				126.0466666667		19.49		11.27

																												30		125		150		166.12				147.04		20.72		11.98

																												35		107		83.3		154.72				115.0066666667		36.38		21.03





Ea

		0		0		0		0		0.204		0.204		1.71		0		0.3881564884		0.3881564884

		0		0		0		0		0.844		0.844				0		2.9086661921		2.9086661921

		0		0		0		0		0.806		0.806				0		9.8900652004		9.8900652004

		0		0		0		0		4.035		4.035				0		3.239652345		3.239652345

		0		0		0		0		6.07		6.07				0		11.2665251804		11.2665251804

		0		0		0		0		4.848		4.848				0		11.9764099268		11.9764099268

		0		0		0		0		0.321		0.321				0		21.0271517744		21.0271517744
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nmol Ca2+/mg/min.

Rate of Ca2+-uptake - Ventricle/Atrium SERCA pump
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		BFT Atrium Ea																				temp		BFT atrium preps

		T oC		T oK		1/T x103		Vmax		log Vmax		Q10		Range		Ea								2611349		2611349		3324275		12/15/03		3/19/04		3/24/04		AVG		SD		SE

		5		278		3.5971223022		1.26		0.102				5-10		23.02						5		0.99				1.1						1.7		1.26		0.38		0.221

		10		283		3.5335689046		2.64		0.421		4.39		10-15		30.69						10		1.69		1.52		1.62						5.72		2.64		2.06		1.319

		15		288		3.4722222222		6.84		0.835		6.71		15-20		23.86						15		4				2.11						14.4		6.84		6.62		3.825

		20		293		3.4129692833		13.98		1.145		4.17		20-25		19.09						20		7.98				8.42		10.71				28.8		13.98		9.95		4.977

		25		298		3.355704698		24.30		1.386		2.98		25-30		7.49						25		18.29				25		14.42				39.5		24.30		11.03		5.517

		30		303		3.300330033		29.97		1.477		1.52		30-35		-4.34						30		15.96				31.9		20.83		41.67		39.5		29.97		11.31		5.070

		35		308		3.2467532468		26.64		1.426		0.79										35		8.5						21.43		50				26.64		21.24		12.418

		Salmon Shark Atrium Ea																						SShark atrium preps

		T oC		T oK		1/T x103		Vmax		log Vmax		Q10		Range		Ea								12/15/03a		2/13/04		ana		2/24/04		3/20/04		3/22/04		AVG		SD		SE

		5		278		3.5971223022		7.51		0.876				5-10		27.23						5		-		7.5		8.274				5.75		8.52		7.51		1.25		0.56

		10		283		3.5335689046		18.06		1.257		4.39		10-15		26.60						10		-		25.9		20.1				10.56		15.68		18.06		6.52		3.26

		15		288		3.4722222222		41.22		1.615		6.71		15-20		20.95						15		41.7		68.2		47.42				20.1		28.66		41.22		18.51		8.30

		20		293		3.4129692833		77.22		1.888		4.17		20-25		13.86						20				83.3		89.76						58.6		77.22		16.45		8.22

		25		298		3.355704698		115.36		2.062		2.98		25-30		7.30						25		125		107.1		146.04						83.3		115.36		26.65		13.32

		30		303		3.300330033		141.53		2.151		1.52		30-35		-7.66						30		125		150		166.12						125		141.53		20.19		10.09

		35		308		3.2467532468		115.01		2.061		0.79										35		107		83.3		154.72								115.01		36.38		21.03

						Salmon Shark Atrium Q10								BFT Atrium Q10

						5------15		5.49						5------15		5.41

						15------25		2.80						15------25		3.55										Atrium		Atrium				Thresher		Mako

						25-----35		1.00						25-----35		1.10										Thresher		Mako				Ea		Ea

																						278		5		4.21		0.82		5-10		22.53		20.98

																						283		10		8.69		1.61		10-15		27.8		35.65

																						288		15		20.6		4.87		15-20		5.55		32.25

																						293		20		17.44		12.71		20-25		6.08		10.92

																						298		25		20.8		17.44		25-30		-3.4		-5.38

																						303		30		18.9		15		30-35		-

																						308		35		0		0






