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Summary

Haematological variables were measured during aerobic swimming (45-55 % of
L^u) and at critical swimming velocity (£/Crit) in acutely splenectomized and sham-
operated rainbow trout. There was no correlation between haematocrit (Hct) and
£/crjt in either group of fish. The control values for the haematological variables did
not differ significantly between the two groups of fish. Some haematological
variables changed during aerobic swimming and at t/crit, but there were no
significant differences between the two groups for any of the variables. Arterial
blood oxygen tension was significantly reduced at £/crjt. Arterial blood oxygen
content (Cao2) was maintained in sham-operated fish because the Hct increased
significantly. However, in the splenectomized animals, Cao, decreased (compared
to control values) during aerobic swimming and at t/crit because the Hct did not
change. Plasma concentrations of lactate and catecholamines were elevated only
at Ucril. We provide evidence of a graded spleen contraction during aerobic
swimming.

Introduction

One factor which may limit aerobic swimming performance of fish is the oxygen-
carrying capacity of the blood. An earlier study with rainbow trout demonstrated
that phenylhydrazine-induced anaemia or exposure to hypoxia reduced aerobic
swimming performance (Jones, 1971). Moreover, this response was apparently
correlated with temperature. Anaemic fish that were cold-acclimated (8-10°C)
had a 40 % lower haematocrit (Hct) and a 34 % lower critical swimming velocity
(Ucrit) than non-anaemic fish, whereas warm-acclimated (21-23°C) anaemic fish
showed a 67% decrease in Hct and a 40% decrease in Ucrit compared to non-
anaemic fish held at the same temperature. In addition, hypoxic exposure reduced
swimming performance by 43 % in cold-acclimated fish but by only 30 % in the
warm-acclimated group. In this case, the better swimming performance of the
warm-acclimated fish was associated with an 8% higher Hct. Although these
results suggest that blood oxygen-carrying capacity may be an important factor in
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determining swimming performance of trout, Jones (1971) reported that there was
no significant relationship between Hct and C/crit in either warm- or cold-
acclimated fish.

The conclusion of Jones (1971) is curious in view of the now well-established fact
that the spleen contracts following exhaustive exercise in rainbow trout (Yama-
moto etal. 1980; Yamamoto, 1989, 1991; Kita and Itazawa, 1989; Wells and
Weber, 1990, 1991; Pearson and Stevens, 1991a). Furthermore, there is evidence
of a graded release of red blood cells from the spleen during aerobic swimming in
cannulated yellowtails, Seriola quinqueradiata (Yamamoto etal. 1980). These
findings, at the very least, associate an increase in Hct, due to the transfusion of
red blood cells from the spleen, with faster swimming speeds. In fact, Pearson and
Stevens (1991a) recently demonstrated poorer swimming performance in splenec-
tomized rainbow trout compared to sham-operated fish. In this case, splenecto-
mized fish had a Hct value 21 % lower and a Ucrn value 16 % lower than those of
sham-operated fish. Thus, these observations do not substantiate the findings of
Jones (1971).

Wells and Weber (1991) have taken a different approach to studying the relative
importance of Hct and blood viscosity in terms of oxygen transport in fish. They
defined a theoretical optimal Hct for rainbow trout and compared it with Hct
values measured under several different conditions; i.e. acute and chronic hypoxic
exposure and following strenuous exercise. An important observation in their
study was that greater intraspecific variation in Hct values resulted from different
blood sampling methods than from any of the experimental perturbations. In
particular, significantly lower Hct values were reported for cannulated fish.

The difference in Hct values between cannulated and non-cannulated fish is
probably related to handling stress, which causes an increase in Hct resulting from
adrenergically mediated swelling of the erythrocytes, from fluid shifts between
plasma and intracellular or interstitial compartments, or from the mobilization of
erythrocytes from the spleen. This raises concern regarding the 'true' Hct values of
non-cannulated fish. It is noteworthy that neither the study by Jones (1971) nor the
study by Pearson and Stevens (1991a) used cannulated fish. Jones removed each
fish from the swim tunnel, killed and measured it, and then sampled the blood by
tail section. Similarly, Pearson and Stevens sampled blood from the caudal
peduncle following removal of the spleen (if present) from fish which had been
killed with a cephalic blow. Both of these sampling methods are likely to give an
erroneous Hct value. In addition, Pearson and Stevens (1991a) did not obtain
initial Hct values and, therefore, one cannot conclude that the reduced perform-
ance observed in splenectomized fish was due to the lower Hct at Ucrit without
eliminating the involvement of cell swelling or fluid shifts.

In view of the uncertainties and contradictions of earlier studies, we have
conducted a more comprehensive investigation into the contribution that red cell
release from the spleen makes to aerobic performance of rainbow trout. We used
blood samples from cannulated fish to determine haematological changes associ-
ated with increased swimming velocities. In contrast to the results of Pearson and
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Stevens (1991a) and in support of those of Jones (1971), we were unable to
demonstrate a significant relationship between Hct and f/crit.

Materials and methods
Experimental animals

Rainbow trout, Oncorhynchus my kiss (Walbaum), were obtained from a local
hatchery (West Creek Trout Farm, Aldergrove, BC) and held outdoors in a 200-1
fibreglass tank for at least 1 month prior to experimentation. Aerated dechlori-
nated tap water flowed through the tank at 51 min"1, the temperature varying from
17 to 19°C. The mean body masses and lengths for both groups of fish were
530-738g and 36-41 cm, respectively.

Surgical procedures

Fish were netted and immediately anaesthetized in a 1:10 000 solution of tricaine
methanesulphonate MS222 (Sigma Chemicals, St Louis), buffered to pH7.5 with
sodium bicarbonate. Body dimensions were determined and the fish were
transferred to an operating sling where their gills were irrigated with a buffered
solution of 1:30000 MS222 during surgery. A cannula was inserted into the dorsal
aorta as described by Soivio etal. (1975) using polyethylene tubing (PE-50,
Intramedic, Parsippany, NJ) filled with heparinized (50i.u. ml"1) saline. In one
group of fish (splenectomized fish), a small abdominal incision was made, and
blood vessels to the spleen were tied off before removal of the spleen. In another
group (sham-operated fish), the same procedure was followed except that the
spleen was not removed and the blood vessels to the spleen were not tied off. The
two different surgical procedures were used alternately as fish were caught from
the stock aquarium. Recovery from the anaesthetic was initiated by irrigating the
gills with fresh water until body movements began. The fish were then allowed to
recover and swim freely in oval aquaria for at least 48 h prior to experimentation.

Experimental protocol

Swimming trials

Fish were transferred from the holding aquarium to a swim tunnel similar to that
described by Gehrke et al. (1990) and held with the water velocity at 10 cm s~' for
at least 4h prior to swimming trials. The temperature of the water in the swim
tunnel ranged from 18 to 19°C. A swimming step test was used to determine f/crit
as follows. Water velocity was increased in increments of 10cms"1 and the fish
swam for lOmin at each speed until fatigued. Fish were considered to be fatigued
when they remained on an 8 V electrified grid at the rear of the tunnel for at least
10s. The time swum at that water velocity was noted. Fatigue is a discrete event
which occurs when the fish can no longer swim at the imposed water velocity.
Therefore, to get a representative blood sample at Uciit, we quickly reduced the
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swimming speed by one step so that the fish continued swimming while the blood
was sampled. C/crit values were calculated after appropriate adjustment for the
blocking effect of the fish (Bell and Terhune, 1970). Water velocity was calibrated
prior to the swimming trials using a pitot tube (Gehrke etal. 1990). The oxygen
tension of the water was never less than 19 kPa (140mmHg).

Blood samples

Arterial blood samples (0.6ml) were taken before the swim at 10cm s"1

(control), during aerobic swimming at 40cms~~' (45-55% of Ucrit), and immedi-
ately after f/crit had been reached but while the fish was kept swimming at a
velocity of approximately 90 % of f/crit. Sampling was completed within 30 s of the
reduction in swimming speed. Blood samples were replaced with an equivalent
volume of heparinized saline. The dorsal aorta cannula was connected to a
pressure transducer (Narco, LDI5) and a chart recorder (Gould, RS3400) during
the entire experiment to provide a continuous record of dorsal aortic blood
pressure (PDA). Heart rates (/H) were determined from the PDA traces.

Analytical techniques

From each blood sample, 200^1 was used to measure partial pressure of oxygen
(PaO2), 30/A for oxygen content (CaO2) determination, 60^1 for duplicate Hct
samples, 20//1 for haemoglobin (Hb) determination and 50,ul for duplicate red
blood cell (RBC) counts. The remainder of the blood was centrifuged and the
plasma was analyzed for catecholamines. The blood used for the PaO2 measure-
ment was centrifuged and the plasma was sampled for determinations of [lactate]
and [protein].

Measurement of Pao2
 w a s made using a Radiometer Copenhagen E5046 Po2

electrode in a D616 cell regulated at 18°C and a PHA 930 POl module in
conjunction with a PHM71 acid-base analyzer. The POl electrode was calibrated
using nitrogen-saturated and air-saturated water. CaO2 was measured using the
method of Tucker (1967). Plasma catecholamine concentrations were determined
using high pressure liquid chromatography (HPLC) with electrochemical detec-
tion following a modification of the method described by Woodward (1982).
Plasma [protein] was determined using a Sigma diagnostics kit (procedure no. 541)
for total protein; plasma [lactate] was determined using a Sigma diagnostics kit for
pyruvate/lactate (procedure no. 826-UV); and [Hb] was determined using the
cyanomethaemoglobin method (Sigma, no. 525A). Blood cell counts were made
using a Neubauer chamber. The mean cell volume (MCV) was calculated by
dividing Hct by the number of red blood cells. The mean cell haemoglobin
concentration (MCHC) was calculated as [Hb]/Hct.

The statistical significance of data was determined using Wilcoxon signed-ranks
tests for paired samples within a test group and Mann-Whitney tests for unpaired
samples between test groups. We report statistically significant differences at a
level of P<0.05. At least 8 fish were used for each group.
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Results

Effect of splenectomy

There was no significant difference between the Ucrit values obtained for
splenectomized and sham-operated fish (Fig. IB). Although Hct values varied
widely (22-40% for sham-operated fish; 23-45 % for splenectomized fish), there
was no significant correlation between UCTit and Hct for either of the groups.
Under control conditions, / H , FaO2, CaO2, [lactate], [protein], [catecholamine],
Hct, MCV, MCHC and RBC counts were not significantly different in sham-
operated compared with splenectomized fish (Figs 1A, 2A,B; Table 1). While
there were significant changes from control values in some of these variables
during sustained swimming (45-55% of £/crit) and at Ucrit, there were no
significant differences between the two groups. Since there were no differences
between the groups, the following description applies to both groups except where
noted.

Changes associated with aerobic swimming

When fish were swimming at approximately half of their £/crit, both arterial
blood pressure and heart rate were elevated significantly but there was no
significant change in plasma lactate, protein or catecholamine concentrations. Hct
and CaO2 were significantly lower than in the controls (Figs 1A, 2B). FaO2 was
significantly decreased in sham-operated but not splenectomized fish (Fig. 2A).

30 -

25

Rest Sustained Ucn

Fig. 1. (A) Haematocrit values (Hct) for sham-operated (open bars; N=8) and
splenectomized (filled bars; N=\\) rainbow trout under control conditions, during
sustained aerobic swimming (45-55 % of Ucrh) and at critical swimming speed (£/crit).
Vertical bars indicate S.E.M. Significant differences from rest (P<0.05, paired test) are
indicated by an asterisk for aerobic swimming and a dagger for £/cri(. (B) t/cril values
for sham-operated (open bars, /V=ll) and splenectomized fish (filled bars, N=ll).
Vertical bars indicate S.E.M.



306 P. GALLAUGHER, M. AXELSSON AND A. P. FARRELL

15
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Fig. 2. (A) Arterial blood oxygen tension (Pao2) of sham-operated (open bars, yV=8)
and splenectomized (filled bars, N—W) rainbow trout under control conditions, during
sustained aerobic swimming (45-55 % of t/crit) and at critical swimming speed (UCTit).
Vertical bars indicate S.E.M. Significant differences from the control value (P<0.05,
paired test) are indicated by an asterisk for aerobic swimming and a dagger for £/crit.
(B) Arterial blood oxygen content (CaO2) of sham-operated (open bars, /V=10) and
splenectomized (filled bars, N=1V) rainbow trout under control conditions, during
sustained aerobic swimming (45-55 % of Ucrit) and at critical swimming speed (t/crit).
Significant differences from the control value (P<0.05, paired test) are indicated by an
asterisk for aerobic swimming and a dagger for f/crit. Shaded area indicates the
estimated change in CaO2 due to splenic blood cell transfusion (see Fig. 3 and text for
explanation).

Changes associated with swimming at Ucr/,

When fish were swimming at Ucrit there were significant changes in most of the
haematological variables. Compared with control values, PDA was elevated by
25 % and heart rate was elevated by 32-39 %. Plasma lactate and catecholamine
concentrations were significantly increased (Table 2). Pao2 was significantly
decreased compared with controls in both sham-operated and splenectomized fish
(Fig. 2A). MCHC was decreased and MCV was increased, indicating significant
erythrocyte swelling (Table 1). Compared with control values, Hct was increased
by 6.7% in sham-operated fish but was unchanged in the splenectomized group
(Fig. 1). Although Cao, was unchanged compared with control values in sham-
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Table 1. Recorded and calculated haematological variables in the sham-operated
and splenectomized rainbow trout under control conditions, during sustained

aerobic swimming (45-55 % Ucrit) and at critical swimming speed (Ucrir)

Sham-operated
PDA (kPa)
/H (beats min"1)
10-fixRBC(mm-3)
MCV (fl)
MCHC(gr')
[Lactate] (mmoir1)
[Noradrenaline] (nmoll"1)
[Adrenaline] (nmolT1)

Splenectomized
PDA (kPa)
/H (beats min"1)
10-6xRBC(mm-3)
MCV (fl)
MCHC(gr')
[Lactate] (mmoll ' )
[Noradrenaline] (nmoll"1)
[Adrenaline] (nmoir1)

Rest

4.2±0.1
64.8±4.7

1.9±0.1
14.9±0.5
338±0.81
1.0±0.1

0.38±0.10
0.22±0.06

4.67±0.2
68.8±4.9
2.2±0.2

L6.1±0.9
327±0.1

0.75±0.80
0.23±0.04
0.32±0.11

45-55 % of f/crit

4.4±0.2
82.5±5.6*
1.8±0.1*

14.9±0.5
338+0.9
0.7±0.1*

0.54±0.28
0.48±0.19

5.1±0.2*
83.4±6.4*
1.9±0.1

16.5±0.8
321±0.8

0.62±0.05
0.27±0.04
0.49±0.22

t/crit

5.6±0.3t
106.7±ll.lf

2.2±0.1t
17.1±0.8t
262±0.8t
3.0±0.3t
2.4±0.7t

11.6±5.4t

6.2±0.3t
101.1±4.7t

2.0±0.2t
17.7±0.7t
302±0.8t
2.2±0.2t
2.8±0.5t
0.49±0.22

N

8
8

11
10
10
10
10
10

11
11
10
10
10
10
8
8

Values are mean±s.E.M.
* Significantly different from rest value (P<0.05, Wilcoxon signed-ranks test for paired

samples).
t Significantly different from 45-55% Uait value (P<0.05, Wilcoxon signed-ranks test for

paired samples).
PDA, dorsal aortic pressure;/H, heart rate; RBC, red blood cells; MCV, mean cell volume;

MCHC, mean cell haemoglobin concentration.

operated fish, the C&o2 of splenectomized fish was even lower than that during
sustained swimming (Fig. 2B).

Effect of blood sampling

During these experiments 1.2 ml of blood was removed from the fish and
replaced with 1.2 ml of saline. To test the possibility that haemodilution may have
occurred as a result of blood sampling, the sampling protocol was repeated on
separate groups of sham-operated and splenectomized trout which were not
exercised. The results showed that sampling had no significant effect on the Hct
values of either group after removal of the first 0.6 ml blood sample [the absolute
change in Hct was -0.67% (S.E.M.=0.65) for nine sham-operated fish and
-0.59 % (S.E.M.=0.34) for nine splenectomized fish]. After removal of the second
0.6ml blood sample, the Hct of sham-operated fish again did not change
significantly [the absolute change in Hct was +0.46% (S.E.M.=0.65) for nine
sham-operated fish]; however, there was a significant decrease in the Hct of
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splenectomized fish [the absolute change in Hct was —1.20% (S.E.M.=0.45) for
nine splenectomized fish]. In fact, when the blood removal procedure was
extended by removing 0.5 ml of blood at 30 min intervals, more than 3 ml of blood
had to be removed to produce a 4% decrease in Hct in sham-operated fish.

Factors contributing to observed changes in haematocrit

The results presented in Fig. 3 are based on the assumption that observed
changes in Hct are due to a combination of four separate changes: transfusion of
cells from the spleen, erythrocyte swelling, the blood sampling procedure, and
shifts of fluid between the red blood cells and the plasma. The values reported for
Hct and for the change due to sampling are measured values. The values for
erythrocyte swelling were calculated from the MCV and MCHC, and the
percentage difference in these values was compared to control values. Since the
splenectomized group cannot use the spleen transfusion route to change Hct, the
change in Hct due to fluid shift for splenectomized fish was deduced as follows:

4555 %

fcrit

Observed

Changes due to

Sampling

Fluid shifts

Mean cell volume

Spleen transfusion I

C/crit

Observed

Changes due to

Sampling

Fluid shifts

Mean cell volume

Spleen transfusion I

- 6 - 4 - 2 0 2 4 6 8 - 6 - 4 - 2 0
Percentage change in Hct

Fig. 3. Estimates of the relative contribution of blood sampling, fluid shifts, cell
swelling and splenic blood transfusion to the observed changes in haematocrit (Hct)
during swimming in (A) splenectomized and (B) sham-operated rainbow trout (see
text for details of the calculations).
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change in fluid volume^(observed Hct+change due to sampling-change due to
cell swelling). Then, by assuming that the fluid shifts in sham-operated fish were
equal to those of splenectomized fish, excepting minor differences due to changes
resulting from sampling, we were able to estimate the change due to spleen
transfusion in the sham-operated fish by comparing the two groups of fish. With
this value we were able to show the proportion of Cao2 due to spleen transfusion in
the sham-operated fish as swimming intensity increased (hatched area in Fig. 2B).

Discussion

Contrary to the results of Pearson and Stevens (1991a) we found no difference in
the average Ucr\v values of splenectomized and sham-operated fish, indicating that
aerobic swimming performance was not affected by spleen removal. Moreover, we
were unable to establish a positive correlation between Hct and Ucrk in either
group of fish, supporting the results of Jones (1971).

In reviewing the work of Pearson and Stevens (1991a), we note that, while the
splenectomized fish clearly did not perform as well as the sham-operated group,
we question the validity of their conclusions about a correlation between lower
UCTn values and reduced Hct and [Hb] in the splenectomized fish. They were
unable to establish a relationship between Hct and £/crit within each group of fish,
and thus the significance of their regression for the Hct and £/crit relationship for
the combined data sets is questionable, particularly given the large degree of
overlap of individual Hct values for the two experimental groups. Furthermore,
the [Hb] and Ucrit regression is only significant at the 10% level. [Hb] is a more
accurate measure of blood oxygen-carrying capacity than is Hct as it does not
reflect changes caused by stress-induced cell swelling. Thus, the relationship
between oxygen-carrying capacity of the blood and aerobic performance of the
two groups of fish in the study by Pearson and Stevens (1991a) was only significant
at the 10% level. Finally, since Pearson and Stevens did not report initial Hct
values for either group of fish, we cannot be sure that the better performance in
the sham-operated fish was the result of an increased Hct due to addition of cells
from the spleen. It is possible that the two groups offish had a differential response
to handling stress.

There are several observations which may explain some of the differences
between the results of the present study and those of Pearson and Stevens (1991a).
Our study was conducted at 18°C but their fish were swimming at 8.2°C. The
results of Jones (1971) and others have shown temperature-related differences in
swimming performance of rainbow trout. Moreover, Pearson and Stevens assessed
the chronic effects of splenectomy on swimming performance 6 months after
spleen removal, whereas we used acute splenectomy (48h recovery) to assess the
role of spleen transfusion during aerobic swimming.

The lack of difference in haematological values between the sham-operated and
splenectomized groups of fish in the present study is in agreement with results of
other studies, where the shorter-term effects of splenectomy were assessed.
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Johansson-Sjobeck (1979) reported no significant differences in Hct, [Hb] or MCV
in unoperated compared with splenectomized groups of eels after 1 week. In
addition, Perry and Kinkead (1989) observed no differences in Hct and [Hb]
between splenectomized and sham-operated rainbow trout 2 months after surgery.

Control Hct values observed here (27.7±1.84 %, S.E.M. , for sham-operated fish,
N—12; 32.6±2.76%, S.E.M., for splenectomized fish, 7V=11) are similar to those of
other studies using cannulated rainbow trout. In an analysis of Hct data from a
number of these studies, Wells and Weber (1991) reported control Hct values
ranging from 17 to 30 %. Compared with the Hct values reported by Pearson and
Stevens (1991a) for non-cannulated rainbow trout at £/cril, our Hct values were
similar for splenectomized fish (32.5±2.94%, S.E.M., N=ll VS 33.1±1.9%,
S.E.M.) but lower for sham-operated fish (34.4±2.7%, S.E.M. VS 42.0±1.5%,
S.E.M.). Additionally, in support of the observations of Wells and Weber (1991),
we found that the variability of Hct values within groups exceeded that caused by
experimental manipulation, i.e. alteration of swimming velocity. This variability
as well as the lack of correlation between Ucra and Hct in both groups of fish
suggests that individual differences in Hct are compensated for by a number of
interacting adjustments in the cardiovascular system during swimming.

As in other studies (Butler etal. 1992; Nielsen and Lykkeboe, 1992; Thomas
et al. 1987), there was a significant increase in Hct at Ucra in sham-operated fish.
The absence of this increase in splenectomized fish indicates that the increase in
Hct is due to a transfusion of cells from the spleen. The higher red blood cell count
in sham-operated but not in splenectomized fish supports this observation. Other
investigators have reported splenic constriction following exhaustive (anaerobic)
exercise in a number of different fish species (Yamamoto et al. 1980; Yamamoto,
1989, 1991) including rainbow trout (Milligan and Wood, 1987; Kita and Itazawa,
1989; Wells and Weber, 1990, 1991; Pearson and Stevens, I99la,b).

The observation that the aerobic swimming performance of splenectomized fish
was not compromised by spleen removal leads us to question the view that the
dominant role of the spleen transfusion response (increasing Hct) is to enhance
aerobic swimming performance. Instead, we propose the following relationships
for Hct and critical swimming speed in rainbow trout. Very low Hct values (below
around 20%) reduce aerobic swimming performance in rainbow trout, presum-
ably as a result of reduced blood oxygen-carrying capacity caused by a lower blood
[Hb] (Jones, 1971). In contrast, the elevated blood viscosity associated with very
high Hct values may impede blood oxygen transport, thereby reducing swimming
performance in the way suggested by Wells and Weber (1991), who put forward an
optimal Hct concept. We propose that there are lower and upper 'threshold Hcts'
between which there is a weak relationship between [/crit and Hct, and that the
'plateau' between the lower and upper thresholds probably spans the normal range
for Hct in rainbow trout (approximately 25-40%). Thus, rather than a discrete
peak for the 'optimal' Hct (Wells and Weber, 1991), we propose a broader
'optimal plateau'. This weak relationship between Ucra and physiological Hct
values may account for the differing conclusions of earlier studies. There are a
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number of possible reasons why a weak relationship exists. Foremost, it might
reflect the involvement of anaerobic metabolism when measuring f/crit or other
inadequacies of the t/crit measurement. Therefore, a more objective measurement
of aerobic swimming performance, such as maximal oxygen uptake, may be more
revealing. Nevertheless, splenic contraction does occur during swimming and,
consequently, we must look for benefits other than increased Ucrit which may
explain the functional advantage of increased Hct within the 'optimal plateau'.
Mobilization of cells from the spleen during exercise may benefit cardiovascular
function by, for example, augmenting blood volume and cardiac output or by
altering blood flow distribution, but these changes may facilitate metabolic/
physiological processes other than muscle contraction associated with swimming.
This idea is supported by the observations of Primmett etal. (1986), who noted
that aerobic swimming performance in rainbow trout was not compromised during
recovery from burst swimming, and by our observations that the splenectomized
fish were visibly more fatigued after swimming at Ucrxt. The increased Hb levels
could also help to buffer the exercise-induced blood acidosis, thus facilitating
recovery following strenuous swimming.

Our estimates of factors contributing to changes in Hct (Fig. 3) provide
evidence of a graded spleen contraction. This result supports the findings of
Yamamoto etal. (1980), who reported evidence of a graded splenic release of
erythrocytes in cannulated yellowtails (Seriola quinqueradiata) during aerobic
swimming in a water course (cruising speeds of 0.36 and 1.03bodylengthss"1).

The contraction of the fish spleen is known to be under adrenergic nervous
control and (or) the control of circulating catecholamines (Nilsson and Grove,
1974; see Nilsson, 1983). Moreover, a dose-response relationship between blood
adrenaline levels and [Hb] has been demonstrated in trout (see Perry and Wood,
1989). Recently, Perry and Kinkead (1989) have shown that injections of
physiological concentrations of catecholamines induce changes in Hct, [Hb] and
CaO2 (similar to those observed in this study) in sham-operated but not in
splenectomized fish. Thus, the elevated levels of plasma catecholamines observed
in our study could have contributed to splenic contraction at £/crit but not at
45-55 % of £/crjt- The finding that plasma catecholamine levels are not elevated
during aerobic swimming in rainbow trout has been reported previously (Ristori
and Laurent, 1985).

Part of the change in Hct at f/crit for sham-operated fish was attributed to
erythrocyte swelling (Table 1, Fig. 3) which probably resulted from the stimula-
tory effect of elevated plasma catecholamine concentrations on erythrocyte pH
regulation. This response is known to produce red blood cell swelling in a number
offish species, including rainbow trout (see Nikimaa, 1986); the putative function
being to maintain blood oxygen-carrying capacity in the face of a blood acidosis
(see Perry and Wood, 1989). The elevated levels of lactate at f/crit are similar to
those reported by Primmett etal. (1986) and, although blood pH was not
measured in the present study, one would expect it to decrease to the same extent
as that reported earlier.
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The decreased Hct observed in both groups during aerobic swimming (45-55 %
of f/crit) has been described previously but not accounted for (Kiceniuk and Jones,
1977). We have shown that this was not the result of haemodilution due to blood
sampling, but to plasma fluid shifts at the onset of swimming, possibly resulting
from an increase in the perfused gill surface area and (or) an increase in the gill
permeability to water (Wood and Randall, 1973). In the latter study, fish
swimming at 32cms"1 had a significant uptake of water (increased body mass)
with a gradual reversal only after swimming at the same velocity for 30min. The
present study suggests that the shift of fluid into the plasma during aerobic
swimming had reversed before the sampling at t/crit (see Fig. 3).

PaO2 values decreased concomitantly with increased swimming velocity. This
pattern is the same as the results of Thomas etal. (1987), who reported a mean
decrease of 45mmHg PaO2 (6kPa) at velocities close to Ucril, but contradicts the
findings of Kiceniuk and Jones (1977) and Stevens and Randall (1967). Despite the
apparent blood acidosis and the reduced arterial oxygen tension, the Cao2 at UcrA

was unchanged in sham-operated fish. One factor which contributed to this was
the mobilization of cells from the spleen. The significant reduction in Cao2 during
aerobic swimming (45-55 % of £/crit) in sham-operated fish means that the
decreases due to desaturation of Hb and to haemodilution were greater than the
increase due to the spleen transfusion effect. The decreased CaO2 in splenecto-
mized fish reflects the inability of this group to compensate for loss of blood cells
due to sampling as well as Hb desaturation and fluid shifts.

Our study supports the hypothesis that transfusion of red blood cells from the
spleen during exercise in fish plays a role in maintaining blood oxygen-carrying
capacity in the face of exercise-induced physiological disturbances (e.g. blood
acid-base balance or reduced oxygen-carrying capacity resulting from the Root
shift that accompanies the acidosis). However, aerobic swimming performance of
splenectomized fish is as good as that of sham-operated fish, so the spleen
transfusion is not translated into improved aerobic swimming performance as
measured by UcrA. Moreover, there was no correlation between the haematocrit
and the critical swimming velocity of either group of fish. Thus, there must be an
alternative role for the transfusion of cells during exercise in fish, perhaps one
related to the recovery process.

This study was supported by an NSERC operating grant to A.F. M.A. received
support from the Swedish Science Council. We are indebted to Helgi Thoransen-
sen for fruitful discussion of the manuscript.
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