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The effects of exhausting exercise on acid-base balance of skipjack tuna blood 
were investigated. Following exercise, tuna displayed a mixed respiratory/metabolic 
acidosis with blood pH being reduced by -0.4 units. The respiratory component 
(51% of the initial acidosis) was compensated following 20 min of recovery, while 
the blood metabolic acid load (H'm; -8 mM) was cleared after only 50 min. At 
that time, there was a great discrepancy between blood lactate load and H'm load 
because blood lactate levels were still increasing. The significance of these results 
is discussed with reference to the tuna's habitat, behavior, and physiology. 

INTRODUCTION 

Skipjack tuna (Katsuwonus pelurnis) 
have a remarkable capacity to maintain 
high cruising speeds for long periods of 
time. The estimated maximum sustainable 
speed for this species is 6- I O  body lengths/s 
(Yuen 1970; Dizon, Brill, and Yuen 1978). 
While the sustainable velocities greatly 
exceed those of most other fish examined, 
the maximum swimming speeds attainable 
by skipjack tuna ( I  5-20 body lengths/s; 
Brill and Dizon [1979]) do not differ 
greatly from those of other active teleosts 
(e.& Salmo gairdneri, I5 body lengths/s 
[Webb 1971; Mosse 1979; Johnston 
19821). Similarly, the amount of time it 

' This study was funded by National Marine Fish- 
eries Service, Pacific Gamefish Foundation, and an 
NSERC operating grant to P.W.H. The authors would 
like to thank Dr. C. M. Wood and Dr. D. J. Randall 
for providing some necessary equipment. As visitors 
to the Kewalo Research Facility, S.F.P., C.D., B.E., 
and P.W.H. wish to express thanks to the entire staff 
for their hospitality and support during this study. 
We are grateful to Dr. C. M. Wood, Dr. R. B. 
Boutilier, and Dr. P. J. Walsh for critically reading 
the manuscript. S.F.P. was supported by an E. B. 
Eastburn Postdoctoral Fellowship. 

* Present address: Department of Biology, Univer- 
sity of Ottawa, 30 Somerset E., Ottawa, Ontario, 
Canada KIN 6N5. ' Present address: Pacific Gamefish Foundation, 
P.O. Box 3189, Kailua-Kona, Hawaii 96740. 
' Present address: Department of Zoology, Univer- 

sity of British Columbia, 6270 University Blvd., 
Vancouver, British Columbia, Canada V6T 2A9. 

Physiol. 2001. 58(4):421-429. 1985. 
0 1985 by The University of Chicago. All 

rights reserved. 003 1-935X/85/5804-8486$02.a0 

takes to reach exhaustion during burst 
activity also does not differ greatly from 
those of other active fish. However, there 
are reasons to believe that tuna may be 
better adapted for recovery from burst- 
swimming activity than are other teleosts: 
tuna exhibit relatively rapid lactate clear- 
ance (1-2 h; [Barrett and Connor 19641) 
compared to the 8-12 h or even longer 
period seen in other teleosts (e.g., 24 h for 
flounder [Wood, McMahon, and Mc- 
Donald 19771 and > 12 h for rainbow trout 
[Turner, Wood, and Clark 1983~1). Rapid 
acid-base recovery following burst swim- 
ming clearly would be advantageous to 
skipjack tuna, considering that they inhabit 
the open ocean (an environment that pro- 
vides little shelter) and that high swimming 
speeds are a skipjack tuna's most potent 
defense against predators. 

In the present study we have investigated 
blood acid-base changes in skipjack tuna 
blood following exhausting exercise. In 
these experiments we were interested in 
determining the respiratory and metabolic 
components of the acid-base disturbance 
following burst swimming and the method 
and time course of recovery. Particularly, 
our interest was in determining if protons 
and lactate formed in equimolar amounts 
by muscular anaerobic metabolism (Ho- 
chachka and Mommsen 1983) are cleared 
at the same rate or whether a discrepancy 
in proton/lactate loads develops, as has 
been observed in other fish species (Piiper 
et al. 1972; Turner et al. 1983~;  Turner, 
Wood, and Hobe 1983b). 
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MATERIAL A N D  METHODS 

Skipjack tuna (Katsuwonus pelamis) 
were captured on hook and line by local 
fishermen and transported to Kewalo Re- 
search Facility (National Marine Fisheries 
Service, Southwest Fisheries Centre, Ho- 
nolulu Laboratory), where all subsequent 
experiments were performed. Fish of either 
sex, weighing 1.2-2.3 kg (mean k SE 
weight = 1.7 kg f 0.2; n = 10) were main- 
tained outdoors in large circular holding 
tanks and supplied with rapidly flowing 
seawater (temperature = 25 C). Animals 
were used within the first 3 days of capture 
and were not fed while in captivity. 

EXPERIMENTAL PROTOCOL 

Blood buffering capacity.-In order to 
sample blood, a fish was netted and quickly 
injected intramuscularly with 2.4-4.8 mg/ 
kg body weight of the neuromuscular 
blocking agent gallamine triethiodide 
(Flaxedil; 20 mg/ml). On cessation of 
swimming, the fish was transferred to an 
operating table and submerged in water, 
and a tube that allowed continuous im- 
gation of the gills with aerated seawater 
( 10- 12 liters/min) was inserted into the 
mouth. The fish was surrounded by a tent 
of opaque plastic to eliminate visual dis- 
turbances. One milliliter of sodium heparin 
(10,000 U.S.P. units) was injected into the 
ventral aorta, and, following a 5-min mix- 
ing period, as much blood as possible 
(usually 30-50 ml) was withdrawn via 
“blind” ventral aortic or cardiac puncture. 

To determine nonbicarbonate blood 
buffering value (p) and to construct C02  
combining curves at various hematocrit 
(HCT) levels, blood from four fish was 
centrifuged and plasma removed. Eryth- 
rocytes were resuspended in plasma to 
give a range of HCTs of 0%-60%. Blood 
samples were placed into 50-ml tonometer 
shaker flasks (5 ml/flask) that were sus- 
pended in a constant-temperature (25 C) 
bath. Blood was equilibrated with humid- 
ified gas mixtures of C02 diluted with air 
(using flowmeters) to produce a range of 
PC02 -0 to -15 torr. Following a 45- 
min equilibration, 1-ml samples of blood 
or plasma were analyzed for pH, total 
C02 content (Cco,), and HCT. The pH 
measurements were made with a Radi- 

ometer PHM-7 1 digital acid-base analyzer 
and associated “micro” pH electrode at 
25 C. Ccoz was determined according to 
the method of Cameron ( 197 I). Pco2 and 
bicarbonate concentration [HCOS] were 
calculated using a reorganization of the 
Henderson-Hasselbalch equation. The pK’ 
values of carbonic acid were obtained 
from Severinghaus, Stupfel, and Bradley 
( 1956), and the solubility coefficients of 
C02  (uC0,) were obtained from Albers 
(1970). Separate buffer curves for each 
HCT (n = 18) were plotted and p values 
(dHCO:/dpH) determined. Finally, a 
curve relating buffering capacity to HCT 
was constructed using linear regression. 

Efects of exhausting exercise.-Indi- 
vidual fish were exercised to exhaustion 
by chasing them around their holding 
tank, usually for periods of 5-10 min. 
Earlier studies (Hochachka, Hulbert, and 
Guppy 1978) have established that under 
such conditions skipjack tuna reach burst- 
swimming speeds of 20 body lengths/s and 
that white-muscle lactate concentration, 
[La-], rises to extremely high levels. Fol- 
lowing this exercise period, the fish was 
injected with Flaxedil (2.4-4.8 mdkg body 
weight), transferred to an operating table, 
and maintained as described above. As 
quickly as possible (usually within 1 min 
of placement of the fish on the operating 
table) a 1-ml blood sample was taken from 
the ventral aorta and analyzed for pH, 
Cco2, [La-], and HCT. The ventral aorta 
then was cannulated using an indwelling 
catheter, a procedure that took -20 min. 
Additional blood samples were drawn im- 
mediately following cannulation and then 
at IO-min intervals for a further 30 min, 
at which time experiments were terminated 
and the fish sacrificed. Once again, blood 
was analyzed for pH, Cco2, [La-], and 
HCT. Lactate levels were determined en- 
zymatically according to the method of 
Hochachka et ai. (1978). The concentra- 
tion of metabolic H+ ions added to the 
blood over any time period, [AH;], was 
calculated according to the following 
equation (McDonald, Boutilier, and Toews 
1980): 
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where p equals the nonbicarbonate buff- 
ering capacity of whole blood as deter- 
mined in vitro. Blood metabolic H+ load 
(Hk) was determined at any given time 
by summing the [AHLl’s, signs considered, 
from the preexercise sample onward. Blood 
lactate load was determined in a similar 
fashion. 

Blood acid-base values for nonexercised 
(control) fish were obtained in a similar 
manner as were those for exercised fish, 
but care was taken to avoid stressing the 
animal prior to Flaxedil injection. 

In the figures, variability of the data is 
indicated by +-1 SE. Sample means have 
been statistically analyzed using Student’s 
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t-test, and 5% was taken as the fiducial 
limit of significance. 

RESULTS 

C02  combining curves for separated 
plasma and whole blood at various HCTs 
are shown in figure 1A. The upward dis- 
placement of the curves with decreasing 
HCT indicates that the major fraction of 
total C 0 2  in skipjack blood is camed in 
the plasma and not in erythrocytes. Sim- 
ilarly, the positive relationship between 
HCT and slope of the C02 combining 
curves reflects the greater buffering capacity 
as hemoglobin levels increase. Figure 1R 
illustrates the relationship between HCT 

l e  
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0 IO 20 30 40 SO 60 

Hct , ?Lo 
FIG. l.-(A) C02 combining curves (log Pco, vs. log Cco,) for skipjack tuna blood of various hematocrit 

(HCT) values (n = 4, same fish for each curve) and ( E )  the relationship between nonbicarbonate buffering 
value @) and HCT (18 determinations from blood of four fish). The regression equation is -p = 0.196 HCT 
+ 3.1 1. r = 0.93. 
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TABLE 1 

NONBICARBONATE BUFFERING CAPACITY (8) OF SKIPJACK TUNA BLOOD COMPARED WITH THAl 
OF VARIOUS OTHER FISH SPECIES 

Species Source 
-~ ~- _. ~ 

Kaisuwonus pelamis . . . . . . . . . . . . . . . . . . . . . .  
Salmo gairdneri . . . . . . . . . . . . . . . . . . . . . . . .  
S. gairdneri . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
S. gairdneri . . . . . . . . . . . . . . . . . . . . . . . . . .  
Satvetinus foniinalis . . . . . . . . . . . . . . . . . . . . . .  
Catostomus commersoni . . . . . . . . . . . . . . . . .  
Ictalurus punclatus . . . . . . . . . . . . . . . . . . . . . .  
Platichthys stellat us . . . . . . . . . . . . . . . . . . . . . .  
Hippoglossoides elassodon . . . . . . . . . . . . . . . . .  
Parophrys vetulus . . . . . . . . . . . . . . . . . . . . . .  
Protopterus aeihiopicus (water-breathing) . . . .  

11.2 41 
10.3 26 
9.7 25 
8.5 . . 
7.5 35 
8.5 28 

14.3 25 
5.2 16 
6.7 14 
6.1 25 

12.6 . . 

This study 
Wood and Jackson (1980) 
Wood, McDonald, and McMahon (1982) 
Eddy (1976) 
Packer and Sunkin (1979) 
Wilkes et al. (1981) 
Cameron and Kormanik ( I  982) 
Wood et al. (1977) 
Turner et al. ( I  983b) 
McDonald et al. (1982) 
DeLaney et al. (1977) 

and p and is given by the regression 
equation -p = 0.196 (HCT) + 3.1 1. From 
in vivo determinations, HCT was 41% 
rf: 2.2% (n = 7), giving a mean p of - 1 1.2 
slykes (dHCO:/dpH; table 1). Plasma p is 
equal to the y-intercept of the regression 
line and is -3.1 1 slykes. 

The effects of exhausting exercise on 
the acid-base status of tuna blood are 
shown in figure 2. After -5 to -10 min 
of forced burst-swimming activity, blood 
pH was greatly depressed from a preexer- 
cise value of 7.97 to a postexercise value 
of 7.54 (fig. 2A). The pH recovery follow- 
ing exercise was extremely rapid, taking 
only 30 min. When experiments were 
terminated, after 50 rnin of recovery, blood 
pH appeared to be greater than the preex- 
ercise value. This may indicate a slight 
acidosis in nonexercised (control) fish, 
probably owing to the stress of netting 
and Flaxedil injection. Alternatively, the 
higher pH following recovery from exercise 
may have been a result of overcompen- 
sation, 

P C O ~  was greatly elevated following ex- 
ercise (fig. 2D), but after 20 rnin of recov- 
ery Pco2 had returned to the preexercise 
level. Pco2 remained constant for the next 
30 min, although at a lower level than the 
preexercise value, possibly indicating a 
condition of mild respiratory acidosis in 
nonexercised animals. 

The changes in Cco2 after exercise are 
shown in figure 2B. Cco2 was lowered 
immediately postexercise and continued 

to decline for the initial 20 rnin of recovery. 
Cco2 then increased during the next 30 
min and was still rising on termination of 
the experiment. 

Blood lactate concentration was signif- 
icantly elevated following burst swimming 
and remained elevated throughout the 
postexercise period (fig. 2C). The preex- 
ercise blood [La-] is seemingly high (9.2 
mM rf: 2.4) when compared with blood 
[La-] of free-swimming skipjack tuna (4.7 
mM; Hochachka et al. [ 19781). 

A pH-[HCO;] diagram displaying the 
temporal changes in blood acid-base status 
following exhausting exercise in skipjack 
tuna is illustrated in figure 3. The dashed 
line, ABI, represents the in vitro buffer 
line (slope = -1 1.2 slykes). It is clear that 
the postexercise acidosis is both respiratory 
and metabolic in origin. Using an ap- 
proach outlined in detail by Wood et al. 
(1977), we evaluated the relative contri- 
butions of alterations of Pco2 and lactic 
acid to the total pH change observed. 
Immediately postexercise (fig. 3, point B) 
the metabolic component of the acidosis 
equaled 49% and the respiratory compo- 
nent of the total acidosis equaled 51%. 
After 20 rnin the respiratory acidosis was 
completely compensated, whereas blood 
HZ load (see eq. [l]) remained elevated 
until 50 rnin postexercise, at which time 
there was a slight base excess (fig. 3). The 
changes in blood [Hk] and [La-] during 
recovery from exercise are shown in figure 
4. By definition, A[H;] and A[La-] in fish 
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at rest were equal to 0. Immediately pos- 
texercise, h- load was significantly greater 
than HL load. La- load continued to 
increase throughout the recovery period, 
while HA load declined gradually and was 
actually below the preexercise value at 50 
min postexercise. The discrepancy between 
A[La-] and A[HA] could be caused by 
preferential removal of protons from the 
blood space and/or by a slower release of 
H+ ions (with respect to La-) from white 
muscle. 

DISCUSSION 

In the present study, a somewhat unor- 
thodox method for blood sampling was 
employed. Clearly, this procedure did not 
allow us to measure true resting blood 
acid-base values or enable an analysis of 

blood acid-base changes in freely swim- 
ming animals following the forced exercise. 
Unfortunately, because of the fragile nature 
of skipjack tuna, all our attempts to anes- 
thetize, catheterize, and recover tuna re- 
sulted in failure. Until very recently such 
a procedure was considered impossible by 
most tuna researchers. However, since 
completion of this study, successful recov- 
eries of skipjack tuna from dorsal aortic 
catheterization have been reported (D. R. 
Jones, personal communication); however, 
12 h was the longest that any fish survived 
following surgery and generally fish began 
to deteriorate after 3-4 h (D. R. Jones, 
personal communication), so it is also 
unlikely that true resting acid-base values 
can be obtained in this manner. Thus, it 
is apparent that until new surgical proce- 

P 0 IO 30 50 - P 0 IO 30 50 

TIME, min 
FIG. 2 . 4 1 1  vivo blood acid-base status of skipjack tuna at 25 C before and following exhausting exercise 

(burst swimming). Two separate groups of fish were used to determine preexercise (P) and postexercise values 
( n  = 3 in both cases). Exercise period is represented by the striped bar; an asterisk indicates a significant 
difference from preexercise value. 
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dures are developed it will not be possible 
to use routine methodology to study blood 
acid-base status of tuna before and follow- 
ing exercise. It should be pointed out, 
however, that the methodology employed 
in the present study allowed arterial oxygen 
tension to be maintained at 70-80 torr, 
which is similar to values reported for 
freely swimming tuna (D. R. Jones, per- 
sonal communication). Therefore, it would 
appear that forced ventilation does not 
limit gill 0 2  transfer. Moreover, nonexer- 
cised tuna did not exhibit a marked blood 
acidosis (pH = 7.97), a condition normally 
associated with stressed fish. 

The p of skipjack tuna blood (-1 1.2 
slykes) is among the highest of all fish 
species examined (table 1). That the p is 
not greater is surprising, considering the 
high HCT (-40%) and hemoglobin con- 

centration (14-20 g/100 ml; Klawe, Bar- 
rett, and Klawe [ 19631) in this species. It 
is apparent, however, that hemoglobin is 
the major blood buffer (fig. 1). It also is 
clear from the negative relationship be- 
tween COz combining capacity and HCT 
in vitro that the major fraction of total 
COz in the blood resides in the plasma, 
not in the erythrocytes. Similar results 
have been reported for trout (Eddy 1974) 
and flounder (Wood et al. 1977). 

The changes in blood acid-base status 
immediately following strenuous exercise 
in skipjack tuna were similar to those 
reported for other active fish (e.g., Scylio- 
rhinus stellaris [Piiper, Meyer, and Drees 
19721; Salmo gairdneri [Turner et al. 
1983~; Wood, Turner, and Graham 19831). 
The large initial decrease in pH (-0.4 
units) was a result of equal respiratory and 
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FIG. 3.-pH-[HCO;] diagram showing temporal changes in blood acid-base status following exhausting 
exercise in skipjack tuna at 25 C (n = 3). A = the preexercise value from a separate group of fish (n = 3). 
B = the value immediately following exercise (usually within I min). Times (in min) of later blood samples 
are indicated at each successive data point. The dashed line A B ,  represents the in vitro buffer curve. See text 
for further details. 
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metabolic contributions. The respiratory 
component of the acidosis was compen- 
sated quickly, and following 20 min of 
recovery only the metabolic component 
remained. The increase in Pco2 of venous 
blood during exercise probably is caused 
by greater aerobic metabolism as well as 
buffering of metabolic protons by HCO; . 

The ability of paralyzed skipjack tuna 
to recover from exhausting exercise is 
remarkable; after only 30 min blood pH 
was restored to preexercise levels, while 
HL load was cleared after only 50 min. 
Clearly, this is the most rapid metabolic 
acid clearance following burst-swimming 
activity ever reported for a fish. Normally, 
metabolic acid clearance in freely swim- 
ming fish requires 2 8  h (see review by 
Jones and Randall [ 19781). The metabolic 
acid load immediately postexercise (- 8 
mM) was similar to values reported for 
rainbow trout (Turner et al. 1983~; Wood 
et al. 1983). The relatively low metabolic 
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acid load is surprising considering that the 
tuna white-muscle contribution to burst 
swimming is supported almost entirely by 
the most intense glycolysis thus far known 
in nature (Hochachka et al. 1978). Typical 
values for white muscle [La-] following 
burst swimming are - 100 pmol/g in skip- 
jack tuna (Hochachka et al. 1978) versus 
-40 pmol/g in rainbow trout (Turner et 
al. 19834. The difference in white-muscle 
lactate levels between tuna and trout prob- 
ably accounts for the much higher blood 
lactate concentration in skipjack tuna fol- 
lowing exercise. As has been shown for 
dogfish and rainbow trout (Piiper et al. 
1972; Turner et al. 1983a), blood lactate 
levels in skipjack tuna exceed blood met- 
abolic acid levels during the recovery 
phase, which is exactly opposite to the 
situation observed in sluggish species (e.g., 
starry flounder [Wood et al. 19771; flathead 
sole [Turner et al. 198361). However, the 
magnitude of the discrepancy between 

I /  t 

P 0 IO 20 30 40 50 

TIME, min. 
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c 

n 
8 
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FIG. 4.-Changes in blood metabolic acid load (H: load H - m) and lactate load (La- load; 0 - 0) 
following exhausting exercise in skipjack tuna (n = 3). P = preexercise; an asterisk indicates a significant 
difference between H: load and La- load at the Same Sample time. 
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[La-] and [H;] in skipjack tuna is far 
greater than other studies have shown 
(Piiper et al. 1972; Turner et al. 1983~;  
Wood et al. 1983). Since lactate ions and 
H+ ions are produced in stoichiometrically 
equal amounts (Hochachka and Mo- 
mmsen 1983), this discrepancy must be 
due to differential release of La- and H+ 
ions from white muscle and/or their dif- 
ferential removal from blood. Although it 
is difficult to differentiate between these 
two possibilities, our results do indicate 
that skipjack tuna are able to remove H+ 
ions from the blood at a much faster rate 
than are other fish (50 min for tuna com- 
pared to 8-12 h for rainbow trout [Turner 
et al. 1983~1). Whether the metabolic acid 
is being excreted across the gills into the 
water (see Heisler 1980) or being translo- 
cated to another tissue (e.g., red muscle) 
is unclear. However, the large blood vol- 
ume, cardiac output, and gill surface area 
in skipjack tuna (Muir 1969; Laars, Ule- 
vitch, and Morrison 1978) are all factors 
that could enhance acid excretion. Nev- 
ertheless, we cannot ignore the possibility 
that the rapid acid-base regulation follow- 
ing exercise was in some way due to 
muscle paralysis, although we consider 
this unlikely. Indeed, muscular movements 
are thought to enhance local blood flow 
(Randall and Daxboeck 1982) and there- 
fore would, if anything, probably enhance 
acid clearance. Hochachka et al. (personal 
communication) have proposed that the 

major site of lactate oxidation is red mus- 
cle. Thus, movement of H+ ions from 
white muscle to red muscle could be im- 
portant for the ultimate remetabolism of 
lactate. In trout, the discrepancy between 
[La-] and [H;] is believed to be due to 
differential release from white muscle 
(Turner et al. 1983~; Turner and Wood 
1983). Studies using a perfused trunk 
preparation (Turner and Wood 1983) have 
shown that H+ ions are retained in white 
muscle as a result of a continuing blood 
acidosis that inhibits proton efflux; under 
resting conditions, La- and H+ ions am 
released at similar rates. This would suggest 
that in skipjack tuna metabolic acid is not 
retained in white muscle, since blood pH 
is restored to resting levels in 30 min. It 
seems more likely that H+ ions formed 
during anaerobic metabolism are elimi- 
nated rapidly from white muscle and re- 
moved from the blood by excretion and/ 
or translocation. The fact that skipjack 
white muscle is well vascularized compared 
to that of other teleosts (Hulbert et al. 
1979) supports this theory. A slower release 
of lactate ions from white muscle and/or 
their slower removal from the blood would 
explain the discrepancy between blood 
levels of these two ions following exercise. 
Clearly, measurements of acid excretion 
as well as intracellular pH of white and 
red muscle following burst activity and 
lactic acid infusion would help clarify this 
problem. 
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