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Introduction

Despite their abundance and diversity (Fletcher, 1975; Moyle and Cech, 1996), flatfish cardiovascular biology/physiology has not been extensively studied, and much of the published data on cardiac function may be inaccurate due to the use of indirect measurements and/or techniques (e.g. the Fick principle). Recently, Joaquim et al. (in press) performed the first direct in vivo measurements of cardiac function in winter flounder and found that maximum stroke volume (SV) is extremely high in this species (1.5 ml g ventricle-1, 10ºC) compared with other teleosts. To examine the factors that contribute to the high SV in this species, in situ Starling curves and power curves, and in vitro pressure-volume curves were determined for the winter flounder (Pleuronectes americanus), Atlantic cod (Gadus morhua) and Atlantic salmon (Salmo salar). 

Material and Methods 
Wild winter flounder were captured in Conception Bay (Newfoundland), while hatchery-reared cod and salmon were obtained from a cage-site operation (Bay D’Espoir) and the Ocean Sciences Centre (OSC), respectively. All fishes were acclimated at 8 to 10 ± 1ºC for at least 4 weeks prior to experimentation. 

In situ heart preparations at 8 to 10ºC were performed as previously described by Farrell et al. (1982) for sea-raven, but adapted for the flounder, cod and salmon. 

To obtain pressure-volume curves (Forster and Farrell, 1994) the heart (without pericardium) was dissected free from the animal, and pressure-volume curves were generated for the atrium, ventricle and bulbus arteriosus of the 3 species. In addition, atrial:ventricular (A:V) and bulbus:ventricular (B:V) mass ratios were calculated to examine if the size of the heart chambers or their relative size influences the shape of the pressure-volume curves.
After ln transforming the data for the Starling and pressure-volume curves, ANCOVA was used to test for homogeneity of slopes between species (p<0.05; SPSS Software). Maximum power values were obtained by fitting a 3rd order power curve (SigmaPlot Software) to the data of each fish. Differences in maximum power output (PH), cardiac output (Q), heart rate (fH), stroke volume (SV) and A:V and B:V mass ratios between species were assessed by ANOVAs and pairise Tukey tests  (SPSS Software, p<0.05). 

Results and Discussion
In situ maximum Q was not significantly between the three species, averaging 63 ml min-1 kg-1. However, because of the small size of the flounder heart (RVM 0.05%), the maximum SV achieved by the winter flounder was significantly higher (2.2 ± 0.1 ml g-1 ventricle) as compared with the Atlantic cod (1.7 ± 0.2) and Atlantic salmon (1.4 ± 0.1) (Fig.1A). The maximum PH of the flounder heart (7.6 ± 0.3 mW g-1) was significantly lower than the salmon (9.7 ± 0.5 mW g-1), but surprisingly similar to the cod (7.8 ± 0.6 mW g-1) (Fig.1B). 

Cod and salmon hearts could generate in vivo resting levels of Q at negative filling pressures (Pin), whereas the flounder heart required a positive Pin of 0.4 cm H2O to achieve resting Q. However, fewer increments in Pin were required by the flounder heart to achieve elevated levels of SV. For instance, to achieve a SV of 1.4 ml g-1 ventricle, the flounder heart only needed a Pin increase of 1.9 cm H2O, whereas cod and salmon hearts required Pin increases of 2.9 and 6.9 cm H2O, respectively. These data show that the high SV values (in ml g ventricle-1) measured for the flounder are partly related to an enhanced sensitivity to filling pressure. This conclusion is supported by the pressure-volume curves, which indicate that the flounder’s atrium, ventricle and bulbus are significantly more compliant when compared to the cod and salmon (Fig.2).
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Figure 1. Starling curves (A) and Power Curves (B) for the winter flounder (●), Atlantic cod (□) and Atlantic salmon (Δ) at 8 ºC. N= 7-8, except when numbers appear next t data point. 
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Figure 2. Pressure-volume curves for the atrium (A), ventricle (B) and bulbus (C) of the winter flounder (●), Atlantic cod (□) and Atlantic salmon (Δ) at 8-10 ºC. N≥ 6, except salmon ventricle where N= 2.
Although, the flounder’s A:V ratio (0.22) was comparable to the cod (0.21) and the salmon (0.18), the flounder’s B:V ratio (0.59) was significantly higher (cod 0.37; salmon 0.22). In fact, the high B:V mass ratio may be partially responsible with the low arterial pressures reported for the flounder.

In conclusion, the SV measured in winter flounder (per g of ventricle) is extremely high. This high SV is related to 1) a pronounced Starling curve; 2) more compliant heart chambers; and 3) a high B:V mass ratio. Our data support the in vivo data of Joaquim et al. (in press) and others, which show that the cardiovascular system of flatfish is a high volume, low pressure design. Further, these data suggest that the pericardium, and thus vis a fronte filling, may not be important for cardiac function in flatfishes.
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