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ABSTRACT: Eutrophication of the Northern Adriatic Sea results in regular and long periods of hypoxia
and occasional anoxia. Thus, animals living in this area must be well adapted to these conditions,
including sole Solea solea, a flatfish living on sandy bottomns. Healthy sole were kept in aquaria at 20°C
for at least 2 mo. The fish were exposed to hypoxia after a preacclimation period of 30 h at normoxia.
During normoxia oxygen levels were kept constant at 80% air saturation, during hypoxia they were set
at 60, 40, 20, 12 or 6% air saturation. Control experiments were carried out at 100% air saturation. After
conditioning the fish were anaesthetized and blood, muscle and liver samples taken. In the extracts of
freeze-clamped tissues, 12 components of energy metabolism were measured in muscle, 11 in liver.
Between 100 and 20 % air saturation no major changes in metabolite concentration were found, while
at 12 and 6 % important changes were observed. Lactate levels increased in all tissues, particularly in
blood, where, unexpectedly for flatfish, high concentrations were found (up to 19.8 mM). ATP declined
in liver and blood, but not in muscle where the decrease in phosphocreatine appeared to be sufficient
in stabilizing the ATP level. Total anaerobic energy production, calculated from changes in metabolite
concentrations, amounted to 52 and 148 pmol ATP 100 g~! h~! at 12 and 6 % air saturation, respectively.
At these oxygen levels total metabolism was depressed by 27 and 48 %, indicating that metabolic

depression is a more effective survival strategy than the induction of anaerobic metabolism.
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INTRODUCTION

Fish exposed to reduced levels of environmental
oxygen respond both with energy saving strategies
and with attempts to increase the supply of oxygen to
the tissues. Depending on the severity of hypoxia and
its duration, these strategies may imply changes at the
behavioural, physiological and tissue level. (1) Behav-
ioural strategies are mainly applied to reduce energy
demand by lowering locomotor activity or by moving to
areas of lower temperature (Schurmann et al. 1991,

‘Dedicated to Prof. W. Wieser on the occasion of his 70th
birthday

© Inter-Research 1994
Resale of full article not permitted

Wood 1991, Wood & Malvin 1992, Nilsson et al. 1993).
Within these immediately effective processes, shifts
from water breathing to surface and/or air breathing
(Johansen 1970, Kramer & McClure 1982, Peterson
1990) are also of great importance in improving sur-
vival at low oxygen tensions. (2) Physiological strate-
gles comprise increases in gill diffusing capacity and in
the number of perfused gill lamellae (Randall &
Daxboeck 1984); changes in erythrocytic adenylate
concentrations (Weber 1982); changes in ventilation
volume, particularly in the ventilatory stroke volume
{Glass 1992); changes in enzyme activities (Greaney et
al. 1980, Van den Thillart & Smit 1984, Storey 1988);
and metabolic depression (Hochachka & Guppy 1987,
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Nilsson & Lutz 1993). (3} Responses on the tissue level
include systemic alterations such as changes in mito-
chondrial densities in muscle (Weber 1982), increased
erythropoiesis (Nikinmaa 1990) or increases in hemat-
ocrit due to the splenic release of red blood cells (Nils-
son 1983).

Because of their form and lifestyle, flatfish do not
have the option of evasive reactions, hypoxia usually
occurring over vast areas, too large for the fish to cover.
Respiratory adaptations are well documented for trout
and carp (Jones et al. 1970). Although improved effi-
ciency of oxygen transport requires the coupling of
ventilatory and circulatory flows, the major effect
comes from an increased water flow over the gills,
which also causes an increase in energy consumption.
Despite an improved oxygen extraction capacity, the
maximal oxygen uptake rate always decreases at
lower oxygen levels, thus narrowing the scope for
activity. Suppression of the activity rate of metabolism
is, therefore, an obligate survival strategy in many
hypoxia/anoxia-adapted animals (Nilsson & Lutz
1993). By reducing their metabolic rate during
hypoxia, animals delay the depletion of glycogen
stores as well as the accumulation of toxic levels of lac-
tate. For example, in anoxic turtle (Jackson 1968) and
goldfish (Van Waversveld et al. 1989) heat production
falls to 20 to 30 % of the standard metabolic rate.

Hypoxic conditions can be tolerated by many fish
species. Sole Solea solea was chosen for the present
study because of its stationary behaviour and low
migration speed. It moves only a few hundred metres
in 24 h, with a maximum of about 1.5 km at high tem-
peratures (Lagardere et al. 1988, Sureau & Lagardere
1991). Since hypoxic bottom layers may extend for up
to 900 km? in the Adriatic Sea (Rinaldi et al. 1993), sole
are bound to experience hypoxic conditions in such an
environment.

In a previous paper we described the oxygen con-
sumption patterns of Solea solea before and during a
12 h exposure to different hypoxia levels (Van den
Thillart et al. 1994). Below 20% air saturation both
resting and active rate of oxygen consumption were
depressed. In this paper the key metabolites for energy
metabolism in muscle, liver and blood from the same
fish were investigated in order to present a biochemi-
cal basis for this phenomenon and to investigate the
effect of slight, moderate and severe hypoxia on the
intermediate metabolism of sole.

MATERIAL AND METHODS

Animals and conditioning. Sole were obtained from
local fishermen at the fishing harbor of Cesenatico
(Italy) and kept for 2 to 4 mo in seawater aquaria with

percolated sand beds acting as substrate and filter at
the Centro di Ricerche Marine, Cesenatico. From
April to September fish were kept at 20 + 1 °C within
a salinity range of 24 to 37 ppt and exposed to a nat-
ural diurnal light cycle (for more details see Van den
Thillart et al. 1994). Animals fed daily with live poly-
chaetes {Nereis sp., 1 to 2 cm pieces) stayed in good
condition for several months in the aquaria. Experi-
ments were carried out in September on a fixed daily
protocol to expose all animals to an identical diurnal
cycle (Van den Thillart & Dalla Via 1993). This is im-
portant since sole show a circadian rhythm with the
main locomotor activity at night (Kruuk 1963, Sureau
& Lagardere 1991). Immature sole with a mean
weight of 75.6 £ 21.0 g and a mean total length of 19.3
+ 1.8 cm were used in the experiments.

Exposure to hypoxia was carried out in a flow-
through respirometer where constant oxygen levels
were maintained (Van den Thillart & Verbeek 1991).
Animals were starved for 2 d prior to the experiments
and acclimated in the respirometer chamber for
approximately 30 h under control conditions (20°C,
30 to 32 ppt salinity, normoxia). Experiments were car-
ried out at 60% (12.4 kPa, 93.3 Torr), 40% (8.3 kPa),
20% (4.1 kPa), 12% (2.5 kPa) and 6% (1.2 kPa) air
saturation, exposures always lasting for 12 h (21:00 to
09:00 h). At the end of the hypoxia period the fish
were anaesthetized with MS222 (3-aminobenzoic-acid
ethyl-ester methanesulfonate salt, Sigma, St. Louis,
USA) to reduce stress effects due to handling. The
anaesthetic was injected slowly into the respirometer
to expose the fish to a final concentration of 85 mg 17!
for 10 min.

In preliminary experiments we had found that lower
MS222 concentrations (70 and 80 mg 17!) did not suffi-
ciently reduce locomotor activity, whereas MS222 con-
centrations higher than 85 mg 17! (90 and 100 mg 17}
reduced opercular and respiratory activity, resulting
in tissue hypoxia. Moreover, MS222 concentrations
higher than 85 mg 1°! induced a strong escaping
behaviour and heavy convulsions over the whole body
at the beginning of anaesthesia, stimulating pro-
nounced undulation of the dorsal and ventral fins dur-
ing exposure,

Sampling. Anaesthetized fish were taken out of the
respirometer chamber and a tissue block of approxi-
mately 20 x 20 x 2 mm of the epaxial white muscle was
immediately freeze-clamped with aluminum tongs
precooled in liquid nitrogen. Blood samples were
obtained by severing the caudal fin: the incision was
rapidly blotted and blood from the caudal artery was
drawn into a heparinized syringe. Liver was collected
after dissection and freeze-clamped. The sampling
procedure lasted 5 to 10 s for muscle tissue, 30 to 60 s
for blood and 60 to 90 s for the liver. Blood samples
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were immediately analyzed, while the freeze-clamped
muscle and liver samples were stored in liquid nitro-
gen until analysis.

Metabolite extraction. Blood samples were injected
into 0.5 ml ice-cold 6% perchloric acid (PCA} with
4 mM NaF and 4 mM EDTA, homogenized with a son-
icator (Soniprep 150-HSE Scientific Instrumentations)
for 1 to 2 min and centrifuged at 15000 x g for 20 min
in a cooled centrifuge (Sigma 220). The supernatant
was carefully adjusted with 2 M K,COj in 100 mM
K,;HPO, to pH 6 to 7. The sample remained on ice for
30 min and was then centrifuged for 20 min at 15000 x
g. The obtained supernatant was used immediately for
measurement of metabolites. Adenosine-5'-triphos-
phate (ATP), glucose-6-phosphate (G6P) and glucose-
1-phosphate (G1P) in blood extracts are intraerythro-
cytic metabolites, so their concentration must be
related to the number of blood cells. Since erythrocyte
volume increases under hypoxic conditions (Nikinmaa
1986), hematocrit values increase without relation to
spleen contraction and/or erythropoiesis. Thus we
chose to take the blood sediment after homogenization
and the first centrifugation step as a reference, also in
view of the difficulties in obtaining hematocrit samples
for all specimens. The sediment was dried in an oven
(at 60°C) and the dry weight determined for each
blood sample.

The freeze-clamped muscle slice was weighed and
crushed in a stainless steel beaker, precooled with
liquid nitrogen. The 2 skin layers were
removed by striking the tissue slice with an
iron pestle, muscle fibers being crushed
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ence. The obtained supernatant was immediately used
for enzymatic determination of metabolites.

The freeze-clamped liver was treated in an analo-
gous way, starting from pulverizing it under liquid
nitrogen in the mortar mill.

Analysis. Glycolytic intermediates were measured
enzymatically by determining the changes in ab-
sorbance of nicotinamide coenzyme at 340 nm as
described in Bergmeyer (1984, 1985a, b) and in Dalla
Via et al. (1989).

Statistics. Statistical analysis was performed by CSS
(Complete Statistical Systems, Statsoft, Inc., release
3.1). Different hypoxic conditions were compared to
normoxic ones using the Mann-Whitney U-test.

RESULTS

Hypoxia-dependent changes of individual metabo-
lites were investigated in blood, liver and muscle.

Blood. The concentration of lactate started rising at
20 % air saturation and had increased 2.7-fold, at 12 %
saturation the increase was 16.9-fold, and at 6 % 76.3-
fold as compared with the resting value of 0.26 pmol
ml~! (Fig. 1}. Glucose concentration was significantly
higher at 40 and 20 % air saturation than under nor-
moxia, but at lower oxygen levels 2 groups of fish
could be distinguished: about 50% of the animals
showed no significant changes, whereas the others

15
and skin layers remaining intact. The mix-
ture of liquid nitrogen and muscle fibers
was transferred to a precooled mortar mill 12 b

(Retsch, Germany) where the tissue was
pulverized under liquid nitrogen after
addition of 5 volumes of extraction medium
(Dalla Via & Lackner 1991). The extraction
medium consisted of 15% PCA and 5%
ortho-phosphoric acid. The obtained pow-
der was thawed in an alcohol bath at -8 to
-10°C to avoid degradation of phosphory-
lated compounds which proceeds faster
between 0 and -5°C than at room temper-
ature (Bito & Amano 1962, Nowlan & Dyer 0
1974).
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The thawed homogenate was mixed well
and left on ice for 30 min before centrifu-
gation at 26 600 x g for 20 min (refrigerated

50

air saturation  [%]

Sorvall RC2-B, SS34). The supernatant was
adjusted to pH 6.7 to 6.9 with 5 M K,CO;3,
centrifuged again after a precipitation time
of 30 min, and 1its volume was determined
by weight and corrected for density differ-

Fig. 1. Solea solea. Lactate levels in muscle, liver and blood after a 12 h

exposure to hypoxia (6, 12, 20, 40, 60 and 100 % air saturation). Fish were

preacclimated for 2 d in a respirometer at 80 % (or 100 % for control) air sat-

uration. A significant difference from the control group (100 %) is indicated

by asterisks (*p < 0.05; “*p < 0.01). Mean, SD and no. of observations are
indicated for each condition; gfw: g fresh weight
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Fig. 2. Solea solea. Glucose levels in muscle, liver and blood after a 12 h

exposure to hypoxia (for details see Fig. 1). Hyperglycemia occurred in

50% of the animals. Solid lines: averages of the hyperglycemic and the
normoglycemic group of fish, respectively; dashed line: the mean
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Fig. 3. Solea solea. Glucose-6-phosphate levels in muscle, liver and eryth-

rocytes after a 12 h exposure to hypoxia (for details see Fig. 1). Concentra-

tions in blood are given as dry blood sediment (dry bl. sed.) as a refer-
ence for blood cell mass

possessed glucose concentrations 10 times higher than
the normoxic value (Fig. 2). Blood G6P concentration
increased continuously starting at hypoxic levels of
60 % air saturation (Fig. 3), whereas G1P concentration
remained unaltered over the entire hypoxic range
(Fig. 4). As depicted in Fig 5 blood ATP concentration
showed a highly significant decrease at air saturation
of 20% and below. At 6 % air saturation ATP concen-

tration decreased to 48 % of the normoxic
value. A significant increase of blood sedi-
ment was observed under severe hypoxic
conditions, strongly indicating a numerical
increase of blood cells (Fig. 6).

Liver. At 6% air saturation liver lactate
concentration rose 16.2-fold from the nor-
moxic value of 0.25 pmol g~! fresh wt
(Fig. 1). Glucose concentration showed a
tendency to increase in this range, albeit
not significantly (Fig. 2). G6P and G1P con-
centrations did not change significantly
over the entire exposure range (Figs. 3 &
4), whereas ATP decreased significantly to
33.5% of the normoxic value, the decrease
commencing at 20 % air saturation (Fig. 5).
Glycerol-3-phosphate rose significantly at
6% saturation (Table 1). Various other
metabolites of intermediary metabolism
did not display significant concentration
changes in the liver: fructose-6-phosphate
(F6P), pyruvate, 2-oxoglutarate, malate
and ammonia (Table 1). Although rising
with increasing hypoxia the lactate-pyru-
vate ratio was not significantly different
from the normoxic value at any of the lev-
els of hypoxia.

Muscle. At slight hypoxia a small drop in
lactate concentration was observed. Under
severe hypoxia lactate rose 8.8-fold (Fig. 1).
Glucose was significantly increased at 20 %
air saturation and reached 2.8 times its con-
trol value at 6 % (Fig. 2). A highly significant
increase was also observed for G6P and
G1P at 6 and 12 % air saturation, respec-
tively (Figs. 3 & 4). Muscle ATP concentra-
tion did not change significantly (Fig. 5).
The phosphocreatine pool (PCr) was re-
duced to approximately 56% at 6% air
saturation (Fig. 7), whereas pyruvate and
malate increased slightly under severe
hypoxia. Fructose, 2-oxoglutarate and am-
monia concentrations remained unaltered.
The lactate/pyruvate ratio was significantly
increased at 6 % air saturation (Table 2).

DISCUSSION

Responses to hypoxia

On the basis of metabolic responses 3 hypoxic
ranges can be distinguished: (1) slight hypoxia
between normoxia and 40% air saturation without
major effects on intermediate metabolism, (2) moder-
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ate hypoxia between 40 and 20 % air satu-
ration with slight to transient metabolic
disturbances, and (3) severe hypoxia
below 20 % air saturation with severe to
lethal metabolic perturbation.

During slight hypoxia the first metabolic
effects appeared in the blood, where G6P
rose significantly at 60 % air saturation. No
other major changes in metabolite concen-
trations occurred except for lactate in the
muscle, where at 60 and 40 % air satura-
tion concentrations dropped to 59 and 41 %
of the normoxic values, respectively
(Fig. 1). This suggests reduction of routine
locomotor activity. Flatfish are not able to
sustain long aerobic activity and show
increased lactate levels at all swimming
speeds (Duthie 1982). This is also in agree-
ment with our findings reported in the pre-
ceding paper (Van den Thillart et al. 1994)
which showed that the first behavioural
strategy of sole under moderate and slight
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Fig. 4. Solea solea. Glucose-1-phosphate levels in muscle, liver and
erythrocytes after a 12 h exposure to hypoxia (for details see Figs. 1 & 3)

hypoxia was the reduction of active meta- 15
bolic rate.

Moderate hypoxia was characterized by 2Lk
the onset of physiological defense strate-
gies. Glucose concentration in blood (at S
40 and 20% air saturation) and muscle o ol
(at 20% air saturation) was significantly %
higher than under normoxia, indicating 81
catecholamine-mediated  glycogenolysis — 6r
(Wright et al. 1989) (Fig. 2). The transi- o
tional character of moderate hypoxia was sl

evident from the significant drop in ATP
concentration in blood and liver at 20 % air
saturation (Fig. 5). Intraerythrocytic or- 0
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ganophosphates are known to be strong
modulators of hemoglobin-oxygen affinity,
binding directly to the pigment and chang-
ing the tertiary or quaternary structure of
the protein (Nikinmaa 1990). A decrease of
ATP concentration is known to cause H*
efflux followed by an increase in intracel-
lular pH which is partly responsible for the increased
O, affinity via the Bohr effect (Greaney & Powers 1977,
Greaney et al. 1980, Wood 1980, Burggren et al. 1991).

Severe hypoxia at 12 and 6 % air saturation was char-
acterized by activation of anaerobic metabolism leading
to an increase of lactate concentration in all tissues
(Fig. 1). However, lactate levels were much higher in
blood than in muscle, which was not expected and will
be discussed separately.

Blood glucose increased significantly only in about
50 % of the fish under severe hypoxia, whereas in the
other 50% or so it remained almost unchanged.

10 20 30 40 S0 60 70 80 90 100

air saturation [%]

Fig. 5. Solea solea. ATP levels in muscle, liver and erythrocytes aftera 12 h

exposure to hypoxia (for details see Figs. 1 & 3)

Glycogenolysis in hepatocytes appears to be stimu-
lated by adrenaline and/or noradrenaline. Release of
catecholamines is typically stress related and may dis-
continue under prolonged hypoxia. In consequence
this may also hold for liver glycogenolysis and hyper-
glycemia. Recently a similar response in canulated
trout exposed to hypoxia was observed (Van Raay &
Van den Thillart unpubl.}: 50% of the trout exposed
to hypoxia showed hyperglycemia coupled with
extremely high catecholamine levels, whilst no hyper-
glycemia was observed in the other 50 % with only a
moderate increase of catecholamines. In sole the liver
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Fig. 6. Solea solea. Blood sediment expressed in % as dry

blood sediment ml~! blood (g x 100 ml™!). Blood sediment

obtained after the first centrifugation (see ‘Methods’) is an
indicator of cell biomass in the blood

cannot be an important glycogen store since it
accounts for only 0.6% of total body mass. In the
anoxia-tolerant crucian carp, on the other hand, the
liver constitutes 10 to 15% of body mass, glycogen
accounting for 25 to 27 % of liver mass (Hyvédrinen et
al. 1985, Nilsson 1990). Thus in crucian carp liver
glycogen represents up to 4 %, muscle glycogen only 1
to 2%, of body mass: this may be an important prereq-
uisite in this species of fish for maintaining glycolytic
energy production during prolonged periods of
hypoxia.

In muscle we found no change in ATP, the 44 %
decrease of phosphocreatine driving the regeneration
of the ATP pool. The constancy of the ATP level in
this important glycolytic tissue may play a part in
stabilizing the rate of glycolysis. Since ATP is an im-
portant inhibitor of phosphofructokinase (PFK) a
lower ATP and higher AMP level in muscle would
have increased PFK activity and glycolytic flow. Thus
lower muscle lactate levels should be expected in
sole, where lactate concentrations indeed rose only
to 9.6 pmol g! under severe hypoxia, whereas in
plaice, after exhausting exercise, muscle lactate lev-
els between 30 and 50 umol g~! were found (Wardle
1978).

In both liver and erythrocytes, ATP levels decreased
at 20% air saturation, indicating an improvement of
oxygen affinity. It is known that in fish hypoxic expo-
sure induces a decrease in the erythrocytic nucleoside
triphosphate concentration (Nikinmaa 1990), even
within 1 h of acute exposure to severe hypoxia (35 mm
Hg in trout; Tetens & Lykkeboe 1985). The significant
increase in blood sediment (Fig. 6) indicates a gain in
blood O, capacity resulting from an increase in blood
cells derived from hypoxia-stimulated erythropoiesis
(Héardig et al. 1978, McLeod et al. 1978), or enhanced
release of red blood cells from the spleen (Nilsson
1983).

The flatiish paradox of lactate distribution

It was discovered by Wardle (1978) that, in contrast
to other fish, Pleuronectes platessa retained lactate in

Table 1. Solea solea. Metabolite concentrations in the liver after a 12 h exposure to different oxygen levels. Fish were preaccli-

mated for 2 d in a respirometer at 80 % (or 100 % for controls) air saturation. Significant difference from the normoxic control

group is marked by an asterisk (*p < 0.05). Values are expressed in pmol g~ fresh wt. Means + SD are given; numbers of observa-
tions in parentheses

% air saturation: 100 % 60 %

Fructose-6-phosphate 0.067 0.103
+0.033 (7) + 0.078 (7)

Pyruvate 0.036 0.070
+ 0.037 (4) + 0.061 (4)

2-oxoglutarate 0.100 0.101
+ 0.075 (7) + 0.052 (7)

Malate 0.329 0.401
+0.248 (6) +0.221 (7)

Ammonia 1.099 1.088
+0.424 () + 0.675 (7)

Glycerol-3-phosphate 0.218 0.254
+0.182 (6) +0.108 (7)

Lactate/pyruvate ratio 13.417 7.712

+9.962 (4) +5.983 (4)

40% 20% 12% 6%
0.100 0.067 0.087 0.038
+0.054 (8) +0.043 (7) +0.043 (6) +0.035 (3)
0.069 0.018 0.058 0.052
+0.035 (3) +0.013 (6) +0.044 (5) +0.037 (3)
0.152 0.134 0.178" 0.099
+0.105 (8) +0.043 (8) + 0,066 (8) + 0.057 (6)
0.326 0.617" 0.542 0.400
+0.129 (8) +0.141 (7) +0.264 (7) +0.208 (6)
0.818 1.244 1.179 0.862
+0.403 (8) +0.774 (8) + 0.465 (8) +0.387 (6)
0.224 0.272 0.423 0.673°
+0.155 (6) +0.204 (8) +0.238 (8) +0.275 (6)
7.544 23.459 33.625 83.349
+4.302(3)  +15.105(6) +21.762(5)  +53.867 (3)
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the muscle tissue after forced exercise.
Between 30 and 50 umol g~' were found
in muscle, whereas blood lactate concen-
trations rarely rose above 2 pmol ml™!
(Wardle 1978, Batty & Wardle 1979). In
other benthic flatfish species, flathead sole
Hippoglossoides elassodon (Turner et al.
1983) and starry flounder Platichthys stel-
latus (Wood et al. 1977, Milligan & Wood
1987, Milligan & McDonald 1988), blood
lactate levels remained low too, despite
high muscle lactate concentrations. The
same lactate pattern was found in winter
flounder Pseudopleuronectes americanus
where after strenuous exercise the lactate

[pmol/gfw]

phosphocreatine

] 1 1 t

in the white muscle was 30 times higher ]

than in the blood. Infusion of '*C-labeled
lactate supported the idea of an active in-
ward transport mechanism for lactate in
flounder muscle (Girard & Milligan 1992).
In contrast, the blood lactate concentra-
tions in this study on Solea solea were
about twice as high as those in muscle. Our investiga-
tion differed from the previously mentioned ones by
the treatment of the fish. We used chronic hypoxic ex-
posure, whereas in the other investigations the fish
were stimulated to exhausting burst activity. Stimula-
tion by catecholamines was considered responsible
for the retention of lactate in the muscle cells of flat-
fish (Wardle 1978). The release of catecholamines is
believed to be due to the decline in blood O, content,
rather than to acidosis. Catecholamines do not rise
substantially until the degree of stress becomes very

10 20 30 40 50 60 70 80 90 100

air soturation [%]

Fig. 7. Solea solea. Phosphocreatine levels in muscle after a 12 h exposure

to hypoxia (for details see Fig. 1)

severe (Randall & Perry 1992). Strenuous and ex-
hausting exercise can always be considered severe
stress, so catecholamines can be expected to be re-
leased within minutes, reaching high values in the
arterial plasma (Wood et al. 1990). The retention of
lactate within the muscle cell makes sense since its
oxidation occurs mainly there. The severity of stress
due to hypoxia may depend on various factors, on the
hypoxic level itself, on how fast it is reached as well
as on how long it persists. Although data from pub-
lished literature are confusing on this subject, there is

Table 2. Solea solea. Metabolite concentrations in muscle after a 12 h exposure to different oxygen levels. Fish were preaccli-

mated for 2 d in a respirometer at 80 % (or 100% for controls) air saturation. Significant difference from the normoxic control

group is marked by asterisks ("p < 0.05; **p < 0.01). Values are expressed in pmol g~! fresh wt. Means = SD are given; numbers
of observations in parentheses

% air saturation:  100% 60 % 40 % 20% 12% 6 %
Fructose 0.039 0.051 0.041 0.040 0.054 0.116
+ 0.038 (6) 1+ 0.034 (5) + 0.030 (6) + 0.023 (7) +0.034 (8) + 0.060 (4)
Fructose-6-phosphate 0.062 0.050 0.058 0.085° 0.185"°" 0.355""
+0.022 (12) 1+ 0.024 (8) + 0.025 (9) + 0.020 (8) +0.098 (9) +0.131 (6)
Pyruvate 0.021 0.014 0.022 0.025 0.043" 0.036"
+ 0.008 (7) + 0.006 (6) + 0.009 (8) +0.015 (8) +0.019 (9) + 0.016 (6)
2-oxoglutarate 0.012 0.019 0.019 0.009 0.014 0.007
1+ 0.007 (10) +0.010 {4) + 0.013 (8) + 0.005 (6) + 0.007 (8) + 0.004 (5}
Malate 0.051 0.041 0.039" 0.068 0.063 0.100°
+0.013 (11) + 0.014 (6) 1+ 0.016 (10) +0.055 (9) +0.029 (9) + 0.047 (6)
Ammonia 0.301 0.446 0.356 0.364 0.224 0.202
+0.233 (10) + 0.256 (6) +0.210 (8) +0.163 (8) +0.184 (7) + 0.167 (4)
Lactate/pyruvate ratio 51.015 42.555 21.015 54.379 79.744 286.754"
+ 26.849 (5) +20.119 (6) + 13.774 (8) + 15.572 (8) +31.328 (8) +101.377 (6)
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Table 3. Solea solea. Anaerobic energy production of sole exposed to 12 h of hypoxia at 6 and 12 % air saturation. ATP equiva-

lents for a standard whole fish of 100 g are calculated based on the following relative tissue mass: liver 0.63 %, muscle 65 %, blood

8%, rest 15%. For blood metabolites 1 ml blood was assumed to be 1 g. Blood ATP levels based on dry sediment weight were cor-
rected for volume. For details see 'Discussion’

Metabolite change
(umolg~'12h7Y
6 % air saturation
Lactate
Liver 4.06
Muscle 9.66
Blood 19.85
Rest 4.06
ATP
Liver 1.29
Blood 0.92
Rest 1.29
PCr
Muscle 6.87
12 % air saturation
Lactate
Liver 1.45
Muscle 3.23
Blood 4.46
Rest 1.45
ATP
Liver 0.89
Blood 0.48
Rest 0.89
PCr
Muscle 2.93

ATP equivalents
{pmolg~' h™Y)

Standard whole animal ATP equivalents

(nmol 100g~' h-1)

0.51 0.32
1.21 78.46
2.48 19.85
0.51 7.61
0.11 0.07
0.08 0.61
0.11 1.62
0.57 37.24

Total: 145.78
0.18 0.11
0.40 26.26
0.56 4.46
0.18 2.72
0.07 0.05
0.04 0.32
0.07 1.12
0.24 15.84

Total: 50.88

evidence for high variability in catecholamine release
from chromalffin tissue under hypoxia. In Atlantic cod
adrenaline increased significantly in plasma after a
gradual lowering of water pO,, whereas after a rapid
induction of hypoxia not only adrenaline but also nor-
adrenaline were elevated (Perry et al. 1991). In rain-
bow trout under 48 h exposure to moderate hypoxia,
adrenaline increased only after 5 h, peaking at 25 h
and returning to normoxic concentrations after 48 h

(Thomas et al. 1991). As far as our experiments with S.
solea are concerned it should be kept in mind that the
fish had been exposed to hypoxia for as long as 12 h,
and that catecholamine release might have been low
under such an extended exposure. Due to the short
biological half-time of catecholamines (less than 10
min; Nekvasil & Olson 1986), even high initial cate-
cholamine concentrations would have been lowered
within the 12 h of exposure. In the absence of a cate-

Table 4. Solea solea. Aerobic versus anaerobic energy production in sole exposed to 12 h of hypoxia at 6 and 12 % air saturation.
Calculations are referred to a standard whole fish of 100 g. ATP production at normoxia = 100 %; the percentage of the normoxic
rate in parentheses. For details see 'Discussion’

6% air saturation
(umol ATP 100g~1 h-})

12% air saturation
(umol ATP 100g~'h™)

546 (67 %) 279 (

Normoxia
(umol ATP 100g~'h-!)

Aerobic energy*? 817 (100 %) 34 %)
Anaerobic energy 0.0 (0 %) 51 (6%) 146 (18 %)
Calculated metabolic depression 0.0 (0%) 220 (27 %) 392 (48 %)

“Calculated from resting oxygen consumption rates at normoxia, 12 and 6 % air saturation: 4.36, 2.91 and 1.49 mg O, 100g~!
h~!, respectively (Van den Thillart et al. 1994)
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cholamine stimulus we would expect, according to
Wardle (1978), a 'mon-retainment’ of lactate in the
muscle tissue of the sole. It is not known in this spe-
cies how fast and under which conditions lactate is re-
leased into the circulation from the tissues and vice
versa, but our data show that flatfish are capable of
having very high blood lactate levels.

Anaerobic metabolism and metabolic depression

Since we measured the most relevant compounds of
energy metabolism, the energy balance of Solea solea
during exposure to 12 and 6 % air saturation can be
estimated. Two metabolites are particularly important
for the calculation of anaerobic energy generation:
phosphocreatine (equivalent to 1 ATP) and lactate.
Since most of the lactate originated from glycogen,
1 mol lactate is equivalent to 1.5 mol ATP. In order to
extrapolate concentrations to the whole individual we
estimated the relative mass of the tissues. Muscle con-
tent of sole is estimated to be around 65% (Liewes
1984, and own measurements), relative iver weight of
sole was 0.63 + 0.31% (mean = SE). Blood volume of
fish is usually around 5% (Farrell 1991), and together
with the extracellular space around 8 % (Heisler 1986).
The remaining metabolically active biomass (heart,
gut, kidney, brain) was estimated at 15 % of total body
mass, assuming a metabolic activity similar to the liver.
On the basis of these assumptions the contribution of
anaerobic metabolism to energy production at 12 and
6 % air saturation was calculated to amount to 51 and
146 pmol ATP 100 g~' h~', respectively (Table 3). Rest-
Ing metabolic rates in these fish calculated from oxy-
gen consumption were 546 and 279 pmol ATP 100 g~!
h~! (Van den Thillart et al. 1994). Thus estimated total
energy production amounted to 598 and 427 pmol ATP
100 g~! h~! (Table 4). These values are still below the
standard metabolic rate during normoxia of 817 pmol
ATP 100 g~!' h~!. Thus at both levels of severe hypoxia
anaerobic compensation was far from complete.
Although the rate of anaerobic metabolism was higher
at 6 than at 12 %, the gap was larger at 6 %. This gap
between total metabolic rate at normoxia and severe
hypoxia, called metabolic depression, amounted to
27 and 48 % at 12 and 6 % air saturation, respectively
(Table 4). Recently a similar pattern of metabolic
depression under hypoxic conditions was described for
the marine invertebrates Sipunculus nudus (Hardewig
et al. 1991) and Scapharca inaequivalvis (Van den
Thillart et al. 1992). For vertebrates this paper is the
first to show metabolic depression under hypoxia, indi-
cating that metabolic depression represents a more
effective survival strategy than the induction of anaer-
obic metabolism.
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