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AN ANALYSIS OF ACID BASE, IONIt::: AND WATER

BALANCE IN RAINBOW TROUT (SALMO GAIRDNERJ)

EXERCISED AT CRUISING SPEEDS

M. V. E. ATTYGALLE

Department of Zoology, University of Sri Jayewardenapura

Summary

Rainbow trout (Salmo gairdneri) were exercised at cruising speeds for 5
hours. A slight but significant increase in dorsal aortic blood pH after I hour of
exercise was accompanied by significant decreases in PeDl and total C02
content of blood. These changes were maintained throughout the exercise period
of 5 hours. This respiratory alkalosis could be due to hyperventilation and/or
the result of increased uptake of Na+ and Cl- which occurred along with the
increase in plasma volume in order to maintain normal osmotic concentrations.
The uptake of Na+ and CI- occurred presumably via branchial Na+ /H+ and
CI- /HCO; ion exchange mechanisms.

Key words; acid base balance, ionic balance, water balance, cruising speeds,
trout.

1. Intreductlon

Although the nature of acid base disturbance has been studied extensively
in fish exercised until exhaustion, this aspect has not been studied in detail in
fish exercised at average cruising speeds. This is probably' because it is gene-
rally assumed that in sustained exercise only slight respiratory and circulatory
adjustments are necessary to meet the increased energy demands and still
maintain the fish in a steady state condition.

The object of the present experiments is to make a detailed study of the
nature of acid base disturbances and associated changes in ionic and water
balance during sustained swimming and recovery from it; by monitoring blood
pH, carbon dioxide content, lactate concentration, plasma ion concentrations
and plasma volume.

2. Materials and Methods

Experimental procedures were identical to those previously described by
Attygalle (1990) except that the fish were exercised at cruising speeds (3 fish
lengths/sec.) for a duration of 5 hours instead of the fish being exercised until
exhaustion. The dorsal aortic catheter was implanted as described by Smith
and Bell (1964). After cannulation the fish were left undisturbed for at least



110 Acid base balance in trout during exercise

24 hours to recover (Hunn and Willford, 1970). Blood samples were taken at
rest, after 30 min, Ih, 3h and 5 hours or'exercise and after Ih,2h, 3h and 19
hours of recovery. In one series of experiments (n = 6) approximately 200,ul
of blood was removed at each sampling time for measurement of pH, total
C02 content and lactate concentrations. In the second series of experiments
(n=6) approximately 150,ul of blood was removed at each sampling time for
determination of blood volume, haematocrit and plasma Na +, K+ and CI-
concentrations.

Total ion contents of plasma at each sampling time were obtained by cal-
culation from the following relationship, ion content=plasma volume x ion
concentration. Ion contents are presented as percentage changes from the
resting values. When finding the changes, the resting values (Ao) were nor-
malized to 100 and the values at various experimental times (Ai) were ex-
pressed as percentage changes from the resting values. Percentage change in

A-
ion content = -~ x 100

Results are generally presented as meant standard error of the mean.
Differences between the resting values and values at various experimental times
were determined using the one tailed t-test for paired varieties. Each experi-
mental sample is paired with the initial sample at rest, which serves as the
control.

3. Results
A slight but significant increase (7.854±0.037 to 7.913±0.025, p< 0.05) in

blood pH after 1 hour of sustained swimming was accompanied by significant
decreases in PC02 (19.7%, P < 0.05) and total CO2 content (5.5%, p <0.05) of
blood. These initial changes were maintained throughout the exercise period
of 5 hours. Lactate concentration increased two fold (p <0.05) after 30 min of
exercise but decreased to values not significantly different from the resting
value after 1 hour and these values were maintained until the end of the exer-
cise period. During recovery the animals gradually approached resting values,
and values not significantly different (p <0.05) from the resting values were
obtained after 24 hours (Fig. 1).

It is immediately clear from Fig 2b that the fish were well able to regulate
plasma ion concentrations during sustained swimming. These ion concentra-
tions were regulated by effecting marked changes in plasma ion contents
(Fig. 3), which paralleled the marked changes in plasma volume (Fig. 2a).
The pattern and magnitude of changes in Na- and Cl" contents and plasma
volume overlapped, while the increase in K+ content was less. During exer-
cise ion contents and plasma volume increased up to 3 hours, after which time
they steadied until the end of exercise. During recovery ion contents and
plasma volume decreased below the exercise levels, although at the end of 24
hours they were not corrected fully.
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Fig. I. (a) pH, (b) Pcoz, (c) total COl content and (d) lactate concentration in simultaneously drawn arterial blood samples at rest, during exercise
and recovery. (mean ± s.e., n = 6)
Time O-resting sample, x indicates experimental values significanlly different (p <0.05) from the resting values.
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Fig. II. (a) Plasma volume at rest, during exercise and recovery for experimental (e) and
control (0) fish.
(b) Plasma Na+, K+ and Cl" concentrations at rest, during exercise and recovery
(mean + s. e., n = 6) x indicates experimental values significantly different (p < 0.05)
from the resting values.

4. Discussion

During sustained exercise the significant increase (p <0.05) in pH was due
to the significant decreases (p <0.05) in Peo2 and total CO~ content of blood
(Fig 1). Stevens and Randall (1967) showed that during moderate swimming at
approximately 1.8 lisee, ventilation rate increased six fold in rainbow trout
(Salmo gairdneri). It is possible that a similar increase in ventilation occurred
in the fish in this study during sustained swimming. The decrease In Peos
during exercise may be due to more effective elimination of C02 from blood
due to increased ventilation. But a number of workers have found that in-
creased ventilation has little effect on the steady state difference in reo,
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between arterial blood and water (Lenfant and Johansen, 1972; Randall and
Cameron 1974; Cameron, 1973). An increase in ventilation would only be
effective in reducing an elevated Pco-, resulting from an increase in C02
production, to its initial steady state value. In water breathing species in
order to have sufficient 02 uptake a large ventilatory rate is needed because of
the low solubility of 02 in water. But since solubility of C02 in water is much
higher than that of 02 and if the respiratory quotient is around unity, this
means that the gill is hyperventilated with respect to C02, and PC02 will
be rather insensitive to variations in ventilation rate.
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Fig. III. Percentage changes in plasma volume and total plasma ion contents at rest, during
exercise and recovery for fish shown in Fig 2.
Plasma volume o, Na ' 6. x-e, CI- •.
Resting plasma volume, 10.08 ml
Resting ion contents: Na+, 1.49 mmoles; K+, 0.037 mmoles and C)-, 1.33 mmoles

Sustained exercise produced no significant changes in ion concentrations.
This indicates that compensations for ion regulation were effected in these fish.
The significant increase in plasma volume during exercise indicates passive
diffusion of water across the gills into blood. At the same time an uptake of
Na +, K+ and Cl" must have occurred as seen from the marked increases in
plasma ion contents (Fig. 2b). These results differ from those of Wood and
Randall (1973). They exercised rainbow trout at a moderate speed of approxi-
mately 1.2 I/sec for 8 hours. They found that a Na+ deficit occurred during
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the first and second hours of swimming, and that by the third and subsequent
hours of activity the fish returned to a state of positive Na- balance. The fact
that the plasma ion concentrations were maintained close to resting values
throughout swimming may be due to compensatory reductions in the permea-
bility of the gill epithelium and activation of Na + uptake pump due to changes
brought about by the onset of exercise.

Immediately after termmation of exercise it is expected that blood flow
through the gills return to a resting pattern. As a consequence a decrease in
plasma volume occurred, which was paralleled closely by decreases in ion
contents, so that the plasma ion concentrations were maintained. Even at
the end of 24 hours plasma volume was not fully corrected. The changes in
Na+ and Cl- contents closely paralleled the changes in plasma volume, to
maintain iso-osmolarity, these two ions being the predominantly osmotically
active solutes in the extracellular fluid. It is most likely that the marked in-
crease in Na- and d- contents by over 60% of their respective resting values
was due to the uptake of these ions from the environmental water rather than
from muscle tissue. Evidence for Na+/H+ and HC03'/CI- exchanges at the gill
epithelium as part of the mechanisms of Na- and Cl" accumulation has been
found in trout by Kerstetter et al (1970) and Kerstetter and Kirschner (1972).
If such exchange mechanisms were involved in these fish the increase in Na +
and Cl" contents of plasma during exercise would mean that equivalent am-
ounts of H+ and HCO; are transferred to the environmental water. There-
fore since the uptake of Na+ and Cl" by plasma was significantly high the
reduction in Pcoz during exercise could be linked to these ion exchanges
across the gill epithelium.

The respiratory alkolosis in dorsal aortic blood could have been due to
the combined effects of hyperventilation and the result of uptake of Na + and
CI- into plasma. But since a number of workers have shown that ventilation
has little effect in reducing Pco2 this alkolosis could be attributed to the elimi-
nation of H+ and HeOr resulting from the uptake of Na+ and Cl-.

5. Acknowledgements

I wish to express my gratitude to Dr. Graham Shelton for reading through
the manuscript and for making many helpful suggestions. This work was
carried out at the University of East Anglia with assistance from the Com-
monwealth Scholarship Commission.



M. V. E. Attygal/e liS

References

Attygalle, M. V. E. (1990) Inter relationships between acid base, ionic and water balance in
rainbow trout (Salmo gairdneri) exercised until fatigue occurred. Vidyodaya J. Sci .•
2, 9·25.

Cameron, J. N. (1978) Regulation of blood pH in teleost fish. Resp. Physiol. 33, 129·144.

Hunn, J. B. and Willford, W.Q. (1970) The effect of anaesthetization and urinary bladder
catheterization on renal function of rainbow trout. Comp, Biochem. Physiol. 33, 805·812.

Kerstettzr, T. H., Kirshner, L. B. and Rafuse, D.D. (1970) On the mechanisms of sodium
transport by the irrigated gills of rainbow trout (Salmo gairdneri). J. gen. Physiol. 56.
542·359.

Kerstetter, T. H. and Kirschner, L. B. (19"Zi) Active chloride transport-by the gills of rainbow
trout. J. Exp. Bioi. 56, 263·272.

Lenfant, C. and Johansen, K. (1972) Gas exchange in gill, skin and lung breathing. Resp :
Physiol. 14, 211·218.

Randall, D. J. and Cameron, J. N. (1973)' Respiratory control of arterial pH as temperature
changes in rainbow trout (Salmo gairdneri), Am. J. Physiol. 225, (4), 997·1002

Smith, L. S. and Bell, G. R. (1964) A technique for prolonged blood sampling in free swi-
ming salmon. J. Fish. Res. Board Can. 32, 711.

Stevens, E. D. and Randall, D. J. (1967) Changes in blood pressure, heart rate and breathing
rate during moderate swimming activity in rainbow trout. J. Exp, Bioi. 46, 307·315.

Wood, C. M. and Randall, D. J. (1973) The influence of swimming activity on water balance
in the rainbow trout (Salmo gairdeneri). J. Compo Physiol. 82, 257.

.. _ .. - --.--- ---- ------ --_ .


