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Summary

Arterial plasma K* and lactate concentrations ([K]laand  control fish, whereas in trained fish it increased by 22 % at
[lactate]a), as well as blood oxygenation status, were the final swimming speed. From the [K]a data, we suggest
measured in relation to increasing swimming speeds in that no loss of K" occurred from the working muscle at low
rainbow trout Oncorhynchus mykiss Neither [K*]a nor swimming speeds, allowing an unlimited endurance,
[lactate]la changed at swimming speeds below 1.5Btls whereas moderate and higher speeds were probably
where BL is total body length. Between 1.5 and 2.0BLs  associated with a loss of K from the working muscles,
[K *]astarted to increase, and above 2.0 Bl-sboth [K flaand indicating a limited endurance.

[lactate]a increased with swimming speed. Training shifted

the onset of these increases to higher swimming speeds and

increased the critical swimming speedUcrit) from 2.4 to  Key words: potassium, lactate, rainbow trddhcorhynchus mykiss
3.0BLs. Blood oxygen content showed no changes in swimming, endurance, muscle fatigieo,, haematocrit.

Introduction

Migratory fish species such as trout can swim for month4990, 1996). At a specific work intensity, the changes in both
without rest (e.g. Daviet al. 1986), and other species such as[K*]a and [K"]y are decreased following training, and both
tuna are actually dependent on continuous swimming foendurance and the maximal rate of oxygen uptadkeméy)
respiration and buoyancy. The life style of many fish thusre improved in mammals (Greenal.1993; Madseret al.
differs from that of mammals, which divide their life into 1994; McKennaet al. 1993; McKenna, 1995; Tibest al.
active and resting periods. 1976; Kjeldsenet al. 199(a). Studies on swimming trout

Continued swimming in fish relies almost exclusively onreported increases in ffk at swimming velocities of
the red muscle, which in trout constitutes less than 5% of the-1.5BL s (Nielsen et al. 1994; Nielsen and Lykkeboe,
trunk muscle mass (Davi al. 1986). Thus, a small fraction 1992; Thomast al. 1987), i.e. at swimming speeds that the
of the skeletal muscle mass is repeatedly exposed f@h is supposed to be capable of sustaining. However, these
propagating action potentials and a concomitant iNflux  studies only dealt with a limited range of swimming
and K efflux. To sustain such muscle activity, the regulationvelocities.
of levels of these ions must suffice to maintain their The aim of the present study was to examin&]dkand
electrochemical potentials. In mammals, the onset of exercigkactateh during sustained swimming in untrained and trained
is always reported to be associated with increases in arteri@but. This was achieved at a range of speeds from a low level
and venous plasmat*kconcentrations ([Kla and [K*]y) and  of exercise to fatiguing exercise. In addition, arterial blood
a negative arterio-venous difference in plasma K oxygen tensionRao,), tetramer haemoglobin concentration
concentration ([K]a—y) across the working muscle, implying ([Hba]a), oxygen concentrationCéo,), haematocrit and pH
a loss of K (e.g. Hallén, 1996; Lindinger, 1995; Sjggaatd (pHa) and the plasma concentration of cortisol were measured
al. 1985; Vgllestadet al. 1994). These changes are to evaluate the effects of swimming speed on these parameters.
guantitatively correlated to the intensity of the exercise
(Hallén, 1996; Lindinger, 1995; Lindinger and Sjggaard, )

1991; Roletet al.1990; Sjegaardt al.1985; Sjggaard, 1990; Materials and methods

Vgllestadet al. 1994). Both an increase in {lk and a loss Experimental animals

of K* from the muscle lead to a decrease in the Rainbow trout Pncorhynchus mykig®albaum)] all from
membrane potential of the muscle cell, and it is suggestetie same stock were obtained from a commercial farmer and
that this may contribute to the development of musclacclimated to 15°C and a 12 h:12h light:dark photoperiod. The
fatigue (Bangsbet al. 1996; Sjggaaret al. 1985; Sjggaard, fish were randomly divided into two groups. One group served
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Analytical procedures

a For the W95 fish, approximately 0.6 ml of blood was
D — withdrawn at all swimming speeds, and 150 was
immediately centrifuged at #@evsmirt for 2min in an
C b ) Eppendorf tube to separate the plasma. Plasnt s
measured in duplicate X20ul) in a Radiometer FLM3 flame
e photometer, and 1l was used for determination of plasma
c d |f f lactate levels (Sigma 735-10). The remaining plasma was
e frozen in heparin-coated Eppendorf tubes for determination of
cortisol levels (Diagnostic Product Corporation, Coat-a-
IW‘ Count). Blood haematocrit was measured in heparinized

. . . . microhaematocrit tubes (centrifuged at*devs mirrl for
Fig. 1. An outline representing both the training and the tesgﬂ

, ! ~~>10min), [Hu]a was measured using the cyanmethaemoglobin
raceways viewed from above. In the first raceway (used for training - .
a constant water flow was created by a 6kW centrifugal pum ethOd (Zijlstraet al. 1983), pHa was measured with a_
recirculating the water through a multibarrel injector. The water flonx2diometer BMS2 Mk2 system connected to a PHM73 unit,
of the second raceway (used for the swim test) was created byP#0. was measured with a Radiometer 5046 thermostatically
5kW four-blade propeller controlled by a frequency regulator. Thecontrolled oxygen electrode, ai@ho, was measured by the
water velocity was measured with a flow probe (Hontzgeh  Tucker (1967) method. In the smaller S96 fR&,, Cao, and
ASDI). (a) Turning vanes; (b) cooling section; (c) honeycomb layepHa were only measured at the routine and at the final

for linearization of the flow; (d) swim section for training (grey- swimming speed, reducing the blood sample at intermediate
shaded area); length, 1.2m; width, 0.6 m; depth, 0.5m; (e) swim tegyimming speeds to 0.3 ml.
sections; length, 0.7 m; width, 0.27 m; depth, 0.2m; (f) fish retaining

grids. Calculations and data presentation

The swimming speed was calculated as water velocity
as controls and was maintained in aerated water, and the othiyided by total fish length. The critical swimming spedehif)
group was placed in a training raceway (see Fig. 1 for @as calculated as described by Brett (1964). Erythrocyte
description). All fish were fed commercial trout pellets onceetramer haemoglobin concentration (He) was calculated
daily. The fish in the training raceway were trained to swinfrom [Hbs]a and the haematocrit, ignoring trapped plasma. The
for 23hday?! at 1.2-1.5BL 3!, where BL is total body length, condition factor of the fish was calculated as Xty
over a 10 day period with regular increments in dailymass/(total lengtd) Values are given as means.t. unless
swimming time from 4hday initially to 23hday? finally,  stated otherwise. Student’s unpaired or patitests were used
which was then maintained for a minimum of 2 months. Fishvhere appropriate, and the significance level was taken as 5 %.
were acclimated to these conditions on two occasions: October
1995 (approx. 3009 fish) and April 1996 (approx. 200 g fish).

! ) Results
These fish are referred to as W95 and S96 respectively. . L
Fish condition
Swim test The fish increased in both length and mass during the

The swimming capacity of the fish was measured in the tegcclimation period; the mean final mass and length and the
raceway (see Fig. 1 for a description). In this raceway, the watéPndition factor are given in Table 1. Mass and length were
velocity was adjustable from O to approximately 100chBo significantly larger in the W95 groups than in the S96 groups,
allow sampling of arterial blood, the fish were anaesthetize@"d the condition factor tended to be larger in the trained
(benzocaine, 0.1g%) and fitted with a dorsal aortic cannula 9roups. All fish appeared healthy.

(Soivio et al. 1975). The fish were then placed in the swim
chamber of the test raceway and allowed to recover until the Swimming performance
next day, at a water velocity of 10 cm groutine swimming). The critical swimming speeds of the S96 fish are shown in

The swim tesper seconsisted of hourly step increases inFig. 2. All of the control and five of the eight trained fish
water speed corresponding to 0.5 BLsntil the fish fatigued fatigued during the swim test. The meaddeit was
(defined as the inability of the fish to stay free of the back gri@.4+0.6 BLs® (N=8) for control fish, and this was lower
of the swim chamber). (P<0.02) than the underestimate of 3.0+0.3 BL@=8) for

A blood sample was withdrawn into a syringe withouttrained fish (estimated fromJerit of fatigued fish and the
anticoagulant and analysed for a number of parameters (shighest attained swimming speed of the remaining fish). The
below) 45-50 min after each step increase in water speed lighest water velocity of the test raceway was too low to
immediately when fatigue occurred. The blood volume wagxhaust the larger W95 fish consistently, rendering calculation
replaced with heparinized physiological saline (100i.anl of Uit for these fish impossible. However, four out of six
Finally, the fish was killed by a sharp blow to the head, andontrol fish and two out of seven trained fish fatigued, and the
the total length (cm) and mass (g) were measured. remaining fish, two control and five trained, were still
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Table 1.Mass, length and condition factor for trained and aberrant value obtained for a single control fish was probably
control fish of the W95 and S96 series due to contamination of the test tube). At higher swimming
Total body Body speeds, [lactatg] increasgd and, like [Ha the increase
length, BL massM, Condition factor, ~Occurred at lower swimming speeds for the control than for the
(cm) () 10<My/BL trained group. At fatigue, however, there was no difference in
[lactatek between trained and control fish, nor between W95

Trained, W95 K\lf7) 34.622.8 576x114 1.40x0.19 and S96 fish. The combined mean value of 4.07+2.45 mtnol |
Control, W95 N=6) 34.8£3.0 536+150 1.24+0.10 . S .
Trained, S96K=8) 50.8+1 0%  398+46* 1 50+0.14 (N=19) at fatigue was, however, significantly higher than the

Control, S96 Ki=8) 30.3+1.7* 391+67* 1.40+0.10 mean of 1.74+1.68 mmot} at the prECEding SWimming SDEEd
(P<0.01, Student’s unpairdetest).

No differences were found within the two series between trained

and control fish. Respiratory parameters
Differences between trained and control fish across the two series Initial and final blood respiratory parameters are given in
are marked with an asterisR<0.02). Table 2. There were no differences between the W95 and S96
Values are meansso. groups in either the initial or final values of any of the variables

measured, and data for the W95 and S96 groups were therefore
swimming at a mean velocity of 2.7 Btls Thus, it appeared
that the trained W95 fish also performed better and that tt 4 g
Ucrit values were probably close to the values measured for t
S96 control and trained fish. 4.4

Arterial plasma [K] and [lactate] 4.0

Before the onset of the swim test,'[Kwas approximately
2.2mmol?, and it did not change at swimming speeds belov
1.5BLs? (Fig. 3). At swimming speeds above 1.5BLs 3.2
[K*]a started to increase, and training tended to shift thi
increase to higher swimming speeds (Fig. 3). Training thu 2.8
tended to widen the speed range over which baselitje\ias
maintained. [K]a at fatigue did not differ between control and
trained fish or between W95 and S96 fish. The combined me 5
[K*]la at fatigue of 3.37+0.47mmoll (N=19) was - .

3.6

2.4

significantly higher than the value of 2.88+0.52 mmb#it the % 16 a— ‘1 —— '2 L '3 —t— '4
preceding swimming speedP<0.01, Student’s unpairet g
test). Neither trained nor control fish showed any change E
[lactatek at swimming speeds below 2.0 Bt gFig. 4). (The f 4.8 —r—r————————————T——T
X, - i
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Fig. 3. Values of [K]a at increasing swimming speedd)(for
Fig. 2. The critical swimming speetlit) of trained (squares) and control (A) and trained (B) trout. Each curve represents the values
control (circles) trout in group S96. In the trained group, three of thfor an individual fish from groups W95 and S96. A symbol at the
fish were not fatigued (filled symbols) at the highest water velocityhighest speed indicates that the fish fatigued at this speed. BL, total
BL, total body length. body length.
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combined. In spite of the replacement of blood samples with
saline, there was no decrease in either haematocrit afa/Hb
Pao, tended to be slightly higher at the final swimming speed
than at the start of the swim test, and for trained fish a
significant increase i€ao, occurred. There were no changes
in [Hbalag, and the mean level of 4.5mmdlisuggests the
absence of any catecholamine stimulation of the erythrocytes
(Holk and Lykkeboe, 1995). For trained fish, pHa did not differ
between the initial and final sample. For control fish, however,
the final pHa was slightly, but significantly, lower than the
initial pHa (Table 2). Plasma cortisol concentrations did not
differ between trained and control fish or between W95 and
S96 groups, and combined means were therefore calculated for
the routine and the highest swimming speeds. This revealed an
increase in mean cortisol concentation from 131+136 nrhol |
(N=22) at the routine swimming speed to 288+143nmol|
(N=23) at the highest swimming sped®k(.001). The value

at routine swimming speed is within the range found for
cannulated trout in other studies, and the level at the highest
swimming speed is similar to the levels reported immediately
after burst exercise (Milligan, 1996).

Discussion
Performance

Swimming at 1.2-1.5BL3 for 23hday! for 2 months
induced an increase in the critical swimming speed of rainbow
trout from a mean value of 2.4 Btlgo 3.0BL s (Fig. 2). In
the context of blood @transport, this is in keeping with the
22% higher arterial blood oxygen content at the highest
swimming speed of the trained trout (Table 2). Thus, the
training intensity and duration sufficed to cause a marked
improvement in swimming performance, and thei: values

Fig. 4. Arterial plasma [lactate] at increasing swimming spesiis ( recorded for both control and trained fish are among the highest
of control (A) and trained (B) trout. Each curve represents the valud@ported for surgically operated trout weighing 400-1000g
for an individual fish from groups W95 and S96. A symbol at the(Butler et al. 1992; Farrelet al. 1990, 1991; Gallaughet al.
highest speed indicates that the fish fatigued at this speed. BL, totB95; Kiceniuk and Jones, 1977; Thomas al. 1987;

body length.

Thorarensert al. 1993, 1996).

Table 2.Initial and final arterial blood parameters for trained and control fish in groups W95 and S96

Trained Control
Initial Final Initial Final

Pao, (mmHgQ) 89+28 97+21 92+18 98+17
Haematocrit (%) 25.3+4.7 28.54#5.1 22.9+4.0 23.4+£3.7t
[Hbala (mmol I7) 1.13+0.21 1.27+0.24 1.04+0.18 1.05+0.16%
[Hba]ae (mmol 1) 4.47+0.14 4.49+0.17 4.54%0.20 4.48x0.17
Cao, (mmol 1) 4.21+0.99 5.21+1.08* 4.25+0.89 4.27+0.721
pHa 7.83+0.06 7.84+0.05 7.86+0.07 7.78+0.06*

Values are meanss., N=19.

*Significant difference between initial and final vali0.02; tsignificant difference between initial or final values of control and trained

trout, P<0.02.

[Hb4]a, arterial tetramer haemoglobin concentration;st erythrocyte tetramer haemoglobin concentration.

1mmHg = 0.133kPa.
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[K*]aand [lactateh and [lactate] changes considers only data obtained from the
The [K*]a homeostasis was improved after training. Thispresent study.
was revealed by a shift of the increase inf]jKto higher The swimming-speed-related steady-state values tfa[K

swimming speeds for trained fish (Fig. 3), and is comparabland [lactate] could be separated into three sequences. First, at
to the finding of a blunted increase in*[Kat a fixed work low swimming speeds (up to 1.5Btl} both [K']a and
intensity following training in humans (Greest al. 1993; [lactateh were maintained. Thus, the rate of oxidative
Kjeldsenet al. 1990; McKennaet al. 1993; Madseret al.  phosphorylation kept pace with the increased power output,
1994; Tibeset al. 1976). In the studies of Greenal. (1993), which was probably derived solely from red muscle activation.
McKennaet al. (1993) and Madseat al. (1994), the blunted There was either no loss of Krom the working muscle or an
increase in [K]a in humans was associated with a 15%exact matching of N@&K*-ATPase activity in other tissues to
increase in the concentration of i&*-ATPase in the vastus maintain arterial plasma*homeostasis. Rainbow trout can,
lateralis, whereas Kjeldset al. (1990a,b) found an improved however, sustain swimming speeds below 1.5BLfor
regulation of [K] without a concomitant increase in the weeks, rendering a continuous loss ¢ffkom the red muscle
concentration of NdK*-ATPase in the muscle. The results of at these swimming speeds unlikely, since drainage* ohist
the present study are in accordance with the latter report, sinseoner or later result in inexcitability of the muscle cells.
training did not lead to an increased concentration ¢fi\fa In humans, the onset of exercise is associated with an
ATPase (measured a¥H]ouabain binding site concentration) increase in [K]y and [K]a and a negative [Ra-y the latter
in either red or white muscle in trout (K. Holk, O. B. Nielsenpartly or fully vanishing within 2-3min (Halléat al. 1994;
and T. Clausen, in preparation). Hallén, 1996; Lindinger, 1995; Lindinger and Sjggaard, 1991;
Low to moderate swimming speeds in trout are based o8jggaard, 1986, 1990; Tibetal.1976; Vgllestact al. 1994).
an almost exclusive use of red muscle (Bateal. 1978; Dynamic work at intensities below 50 % é&f,maxin humans
Davison and Goldspink, 1984; Johnston and Moon, 1980kan be maintained for several hours, but it may be associated
Training at these speeds is reported to lead to an increasewith a continuous loss of tfrom the working muscles (Hallén
red muscle mass due to an increase in both fibre number aetal. 1994; Sjagaard, 1986, 1990, 199%), as a percentage
fiore volume (Davieet al. 1986; Davison and Goldspink, of Vo,max for trout can be estimated from the relationship
1977) and, predictably, this reduces the activity level of eachetween swimming speed ané, given by Brett (1964)
red fibre at a given swimming speed. This, together with thésettingVo,max=Vo, at Ugrit). A swimming speed of 1.5BLS
results of the present study and the observation thahen corresponds to 39 % \df,maxin trained trout and to 57 %
concentrations of N@K*-ATPase in red and white muscle of Vo,max in control trout. Thus, sustained swimming at
are maintained (K. Holk, O. B. Nielsen and T. Clausen, irl.5BL s taxes the aerobic capacity by approximately 50 % in
preparation), explains the widened speed range fdta[K trout, but apparently does not lead to any loss ofr&m the
homeostasis in trained fish. working muscle.
There was no increase in [lactatelt swimming speeds Second, at intermediate swimming speeds (1.5-2.0BL s
below 2 BL s (Fig. 4), and it might be argued that this coulda small increase in [Ha occurred, whereas [lactajejvas
be due to the retention of lactate in the white muscles (Wangaintained. Thus, the rate of oxidative phophorylation still
et al. 1997). However, in studies where trout were chasedsufficed to keep pace with the energy turnover. At these
the blood lactate concentration did increase from 0.5 tewimming speeds, red muscle is still the main source for thrust
5-10mmoltl within 5min (Pagnottaet al. 1994; Milligan,  generation, but white muscle activity also contributes (Bxine
1996). As the blood samples in the present study weral. 1978; Davison and Goldspink, 1984; Jayne and Lauder,
withdrawn 45-50min after the step increases in swimmind994; Johnston and Moon, 1980). Owing to the experimental
speed, an increase in muscle lactate concentration wouttksign, the present study gave no information concerning the
probably have been reflected in an increase in [lagtad¢] time course of the changes in*[Kfollowing a step increase
swimming speeds above 2 Btlsplasma lactate levels started in swimming speed. The increased*JiK may thus either
to increase, and training shifted the onset of this increase tepresent a new steady-state value di{knay still have been
higher swimming speeds. Thus, the speed range over which timereasing.
increased energy demand was covered aerobically and withoutExercise above 50 % &b,maxin humans is associated with
a priming production of lactate was higher for the trained fishincreased [K]a and [K*]y, a loss of K from the working
and this further supports the assumption of an increase in rasuscle and accumulation ofKn inactive tissues (Halléat
muscle mass. al. 1994; Lindinger, 1995; Role#t al. 1990; Sjggaaret al.
Swimming-related increases in {lq have been reported in 1985; Sjggaard, 1990, 1996; Vgllestad al. 1994). Thus,
a number of studies of trout (Thomessal. 1987; Nielseret  active muscle is depleted of"KUsing the same assumptions
al. 1994; Nielsen and Lykkeboe, 1992). Although the sameas above for trout, a swimming speed of 2.0BLsan be
trends were found throughout, these studies reported increasestimated to represent 54 %0\af,maxfor trained trout and 78 %
in [K*]a at lower swimming speeds than was found in theof Vio,max for control trout. Swimming was sustainable for
present study. This was probably due to differences imore than 1h atthese work intensities, buf fkncreased and,
experimental protocols, and the following discussion dfl [K since a continuous loss oftKrom the working muscle could
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not be dismissed, a finite endurance corresponding to findingsmained high at all water velocities, leaving the discrepancy
in humans is predictable. in Pap, unexplained. Throughout the swim test, blood oxygen

Third, at swimming speeds higher than 2.0 BY, & further  content was maintained (in control fish) or somewhat increased
increase in [K]a and an increase in [lactagejccurred. This (in trained fish) (Table 2). A decrease in this variable was
suggests a loss oftfrom either one or both of the fibre types predictable due to the substitution of the blood samples with
and a rate of oxidative phosphorylation insufficient to keesaline, but a minor increase in urine flow rate (Wood and
pace with the increased energy turnover. The S96 fish weRandall, 1983) and a release of red blood cells from the spleen
unable to swim continuously for 1h at speeds of(Wells and Weber, 1990) probably compensated for this,
approximately 3.2BL3S for trained fish and 2.7BLé for  particularly in the trained fish. The splenic release was,
control fish. We interpreted this inability to result from musclehowever, smaller than in trout exposed to exhaustive burst
fatigue rather than to a reluctance to swim. At this timé&]{K exercise (e.g. Nielsen and Lykkeboe, 1992; Milligan and
had increased to a mean value of 3.4mmiplile. 150% of Wood, 1986). In addition, the probable absence of a
the value found at routine swimming speed. For comparisoratecholamine response in the blood (maintained erythrocyte
depending on the type and intensity of exercise, fatigue ifHb4]), at the same time as the increased cortisol concentration
humans is reported to be associated with an increaseja [K at the highest swimming speeds, indicated an enhanced
from approximately 4 mmoft at rest to between 5.3 and adrenergic responsiveness of the erythrocytes (Rarral.
8.1 mmol I at fatigue, i.e. an increase of 130-200 %, and thid4996), and suggested that the oxygen delivery system, even at
increase is suggested to be a contributing factor in thfatigue, was not overly taxed.
development of muscle fatigue (Bangst@l.1996; Clausen, In conclusion, swimming performance was improved and
1996; Clausen and Nielsen, 1994; Madsemnal. 1994; the onset of increases in {l and [lactate] shifted to higher
McKennaet al. 1993; Medbg and Sejersted, 1990; Sjggaarédwimming speeds as a consequence of 2 months of swim
et al. 1985; Sjggaard, 1990, 1996). At the time of fatiguetraining in rainbow trout. The energy demand was supplied
[lactatel in trout had increased to 4 mmotl However, the strictly aerobically at low and moderate swimming speeds, but
increased [lactatglvas associated with only a small decreasavas supplemented anaerobically at higher swimming speeds.
in pHa at the highest swimming speed for the control fishThe oxygen content of arterial blood was not in jeopardy at
while pHa was unchanged in trained fish. The increase iany swimming speed in the present study. At low swimming
[lactateh was associated with either no decrease or only apeeds, there was no increase ifij{Kand thus no apparent
modest decrease in pHa, indicating a complete (trained fishgt loss of K from the working muscle, which is consistent
or an almost complete (control fish) compensation of thevith the unlimited endurance at these swimming speeds.
lactacidosis at the time of fatigue. Moderate swimming speeds led to increases ifjqkand the

In summary, a tight regulation of fka was apparent at low possibility of a continuous loss of'from the working muscle
swimming speeds, where thrust was generated by red musdeuld not be dismissed. A finite endurance at these swimming
only, without any increase in ffa. Moderate and high speeds is therefore predictable.
swimming speeds challenged the'TKhomeostasis and led to
a proportional increase in fffla and to fatigue. In these cases, The authors wish to thank Peter T. Sgrensen, Kasper
thrust was generated by the red muscle, probably supplementagi/ad, Einar Larsen and Palle H. Hansen for invaluable and
by some white muscle activity. The energy demand wapatient help during the development and construction of the
covered aerobically at swimming speeds below 2BLAt  raceways, and Sonja Kornerup for technical assistance during
higher swimming speeds, [lactatebtarted to increase. the experiments. We also thank Dr Ole B. Nielsen and
However, [lactate]at fatigue was lower than the values seerProfessor Torben Clausen for useful discussions of the
after burst exercise and, together with the perfect (trained fislpyoject. The study was supported by The Danish Center for
or near-perfect (control fish) compensation of the ensuinfRespiratory Adaptation.
acidosis, it seems unlikely that a metabolic acidosis contributed
to the development of fatigue.
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