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Summary

European eels were exposed for 6 weeks to water €0 on such indicators of stress as plasma catecholamine or
partial pressures Pco,) from ambient (approx. cortisol levels, plasma osmolality or standard metabolic
0.8mmHg), through 15+1mmHg and 30+lmmHg to rate. Furthermore, although Cao, was reduced by
45+1mmHg in water with a total hardness of 240ng |-  approximately 50% at the highest Pco,, there was no
as CaCQ;, pH 8.2, at 23+1°C. Arterial plasmaPco, effect of hypercapnia on the eels’ tolerance of hypoxia,
equilibrated at approximately 2mmHg above waterPco,  aerobic metabolic scope or sustained swimming
in all groups, and plasma bicarbonate accumulated up to performance. The results indicate that, at the levels tested,
72mmol 171 in the group at a water Pco, of 45mmHg. chronic hypercapnia was not a physiological stress for
This was associated with an equimolar loss of plasma<Cl the eel, which can tolerate extracellular acidosis and
which declined to 7Immol I-1 at the highest waterPco,. extremely low CF levels while compensating tissue
Despite this, extracellular acid—base compensation was intracellular pH, and which can meet the Q requirements
incomplete; all hypercapnic groups tolerated chronic of routine and active metabolism despite profound
extracellular acidoses and reductions in arterial blood @  hypoxaemia.
content (Cao,), of progressive severity with increasing
Pco,. All hypercapnic eels, however, regulated the Key words: hypercapnia, European e&tguilla anguilla acid—base
intracellular pH of heart and white muscle to the same balance, aerobic scope, hypoxia, metabolic rate, stress, swimming
levels as normocapnic animals. Hypercapnia had no effect performance.

Introduction

The partial pressure of GQPco,) in surface waters is equimolar loss of chloride (Ql(Heisler, 1984, 1993). Plasma
typically less than inmHg (ImmHg = approx. 0.0138Pa), HCOs has accumulated to levels abovend®ol I-1in teleosts
and that of fish blood is usually equilibrated at approxexposed for extended periods (days to weekBeo, levels
2-3mmHg above this (Howell, 1970; Cameron and Randallpf up to 25mmHg (e.g. Dimberg, 1988; Larsen and Jensen,
1972; Randall and Cameron, 1973). TPen, of freshwater 1997). This implies a significant loss of plasma, @hd it has
may increase as a consequence of microbial metabolism ahden suggested that in fish there may be a ‘ceiling’ to H4CO
inadequate surface gas exchange. Such hypercapnic episodesumulation, and consequent acidotic compensation (Heisler,
cause acid—base imbalances in fish when @iffluses into the 1984, 1993). Indeed, chronic exposurePteco, >15mmHg
blood across the gills; a XmHg increase in inspired water causes significant mortalities in salmonids (Larsen and Jensen,
Pco, (Pwco,) is adequate to reduce plasma pH by 0.4-0.5 pH997; Fivelstad et al., 1998, 1999).
units (reviewed by Heisler, 1984, 1993). The primary negative Steffensen and Lomholt (1990), however, measured water
effect of this extracellular acidosis is a decline in bloed O Pwco, levels exceeding 3dmHg in European eel farms using
carrying capacity, as a consequence of Root and Bohr effeatbbsed-cycle recirculating water systems. It is unlikely that
(Heisler, 1984). Severe levels of hypercapnia may also causeleosts would ever experience such severe hypercapnia in
a reduction in intracellular pH (pHi), and interfere with cellularnature, and no previous investigations into the effects of
metabolism through effects on the function of pH-sensitiveehronic hypercapnia have employed Rwco, of above
proteins (Heisler, 1984, 1993). Teleosts can compensate fab mmHg and rarely for longer than 10 days (Heisler, 1984,
hypercapnic acidosis, and consequent effects on blgod @993; Dimberg, 1988; Larsen and Jensen, 1997; Fivelstad et
carrying capacity and pHi, by ion-exchange at the gillsal., 1998, 1999). Unusually low plasma~Qoncentrations
accumulating bicarbonate (HG®) ions at the expense of an have, however, been reported to occur spontaneously in the
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European eel (Farrell and Lutz, 1975), which indicates that from a closed cycle biofilter (total volume 8¢). The water
may have an elevated capacity to accumulate plasmagHCChad pH8.2 and total hardness 24@y1-1 as CaC@; precise
and compensate for acidosis. Furthermore, McKenzie et aletails of its chemical composition are as reported by
(2002) found that the eel was extremely tolerant of hypercapnidcKenzie et al. (2001). Two sizes of eel were studied: one
acidosisper se That is, although acute sequentialm3id  group with an average live mass of approximately ¢0@as
exposures to watdPco, levels Pwco,) of 5, 10, 20, 40, 60 used for all experiments except swimming performance, for
and 80mmHg caused a reduction in arterial pH (pHa) from 7.9vhich eels with an average live mass of approximatelygl00
to below 7.2 and a consequent 80% decline in arterial bloodere used. For the large eels, 25 fish were stocked in each tank,
total & content Cao,), this had no effect on cardiac output or whereas for the small eels, 100 fish were stocked per tank.
whole animal Quptake (McKenzie et al., 2002). The selectiveThe animals were exposed through skylights to a natural
pressures that led to the evolution of these physiologicalhotoperiod and fed extruded pellets (Provimi Grower Select,
adaptations are not known, but they do indicate that the eBrovimi Italia, Piacenza, Italy) of appropriate size at a rate
may be particularly tolerant of chronic hypercapnic acidosi®f 1% wetmassdayl. The eels were allowed one month’s
and hypoxaemia. Nonetheless, severely hypercapnic watacclimation to the conditions at La Casella prior to exposure
(Steffensen and Lomholt, 1990) should represent a sub-optimta hypercapnia.
aquaculture environment and, therefore, elicit elements of a Duplicate tanks, of each size of eel, were then exposed
teleost stress response (Barton and lwama, 1991; Wendeldar one of four Pwco, levels: 0.8+0.1 (ambient control),
Bonga, 1997) in the eels. In particular, chronic hypoxaemid5+1mmHg, 30+ImmHg and 45+ImmHg. Pwco, levels
consequent to Bohr and Root effects has the potential twere monitored indirectly as water pH and regulated around
impair the regulation of @delivery, and therefore aerobic each hypercapnic setpoint with the automated feedback system
metabolism, in response to changes in water sOpply  described in McKenzie et al. (2002). The eels were acclimated
(hypoxia) or increased tissuez;@emand (e.g. sustained to hypercapnia gradually, by increasing Bveco, by 5mmHg
aerobic exercise). Acute exposure t®Pwaco, of 25mmHg  every 2-3 days. Thus, 9 days were required to reddhca,
caused a decline in the ability of the eel to regulate metabolimf 15mmHg, higher levels requiring proportionally more time.
rate in hypoxia (Cruz-Neto and Steffensen, 1997). The eels were then exposed to their appropRateo, for at
In the present study, physiological adaptations to chroniteast 6 weeks’ prior to use in any experiments, and were fed at
severe hypercapnia were examined by exposing eBlsd¢o,  a rate of 1%bodymassday! throughout the exposure period.
levels of either 0.8nmHg (ambient), 15nmHg, 30mmHg or
45mmHg for 6 weeks. The extent of acid—base compensation Surgical preparation
was assessed both with reference to control normocapnic eels;The large eels were anaesthetised and cannulated in the
and to the acid—base disturbances elicited by acute exposutersal aorta and operculum, as described in McKenzie et al.
to hypercapnia (McKenzie et al., 2002), to investigate th€2000), in water equilibrated either with air (controls) or the
hypothesis that a capacity to tolerate low plasma Clappropriate air/C® mixture. Following surgery, fish were
concentrations would permit the accumulation of largdransferred to individual Bopaque black Plexiglas chambers
quantities of plasma HGQ The hypothesis that chronic where they recovered for 48in a continuous flow of water at
hypercapnia would elicit a stress response in the eels wése appropriat®wco,. The two cannulae were drawn out of a
investigated using plasma catecholamine and cortisol titresmall hole in the lid of the chamber so that they could be
plasma osmolality and standard metabolic rate as indicatorsanipulated without disturbing the fish. The dorsal aortic
(Barton and Iwama, 1991; Wendelaar Bonga, 1997). Finallyjgannula was flushed twice daily with heparinisedi{@d-1)
responses to progressive hypoxia and sustained aerolfiortland’s saline (Wolf, 1963).
exercise performance were measured to investigate the
hypothesis that hypoxaemia would impair the eels’ capacity to Blood acid—base and dissolved gas status
regulate Q delivery and aerobic metabolism. The results Following 48h recovery from surgery, arg@l blood sample
reveal that the European eel is exceptionally tolerant of chronigas collected from the dorsal aortic cannula and replaced by
hypercapnia, and only confirm the first of the three stateedn equal volume of Cortland’s saline. Arterial blood pH (pHa)
hypotheses. was measured with a Radiometer BMS2 capillary pH electrode
(Brgnshgj, Denmark) thermostatted to the same water
) temperature as the fish, with the signals displayed on a
Materials and methods Radiometer PHM73 acid—base analyser. Arterial blood total
Experimental animals CO, content Caco,) and total @ content Cao,) were
European eelsApguilla anguillaL.) were obtained from measured as described by Cameron (1971) and Tucker (1967),
commercial suppliers in Northern Italy and transported to ‘Laespectively, with appropriate Radiometer electrodes
Casella’ Fluvial Hydrobiology Station, via Argine del thermostatted to 37°C. Arterial plasnico, (Paco,) and
Ballottino, 29010, Sarmato (PC), Italy, where they werearterial [HCQ] were calculated from the measured values of
maintained indoors in h? tanks, each with a water volume of pHa and arterial [C& using the Henderson-Hasselbach
2501 and a continuous supply of freshwater at 23+1°C derive@quation and apparent pK an@O; values for trout plasma at
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23°C, calculated as described in Boutilier et al. (1984). Thelasma added to 2.7Bl of phosphate buffer, pB, with
remaining blood was rapidly centrifuged and the decantedctanesulphonic acid (0.08gmI-}) and then loaded onto a
plasma stored in liquid nitrogen for subsequent analysis ddep-Pak @ cartridge (Waters, Milford, MA, USA) pre-

osmolality, ion concentrations and hormone titres. activated by washing with methanol (8) and water (&nl).
o The cartridge was eluted withndl of water and 3nl of 30%
Ventilation methanol, pH3. The organic phase was collected and dried

In all cases, ventilation was measured prior to collection ofinder vacuum and the residue suspended in plL2&f
the blood sample and care was taken to minimise disturbanogethanol. Recovery rates were approximately 90% on
to the fish prior to and during measurements. The water-filleedxtracted standards (three determinations). The extracted
opercular cannula was attached to a differential pressusamples were measured by high performance liquid
transducer (Validyne 45DF, Northridge, CA, USA) and gillchromatography (HPLC) (Waters) with a Model 510 pump
ventilation rate fG, beataminl) and opercular pressure (Waters) and Rheodyne 7715 injector (Rohnert Park, CA,
amplitude Pop, in Pa) were displayed on a chart recordetUSA). A 5Cul sample was injected onto ausn Symmetry
(Gould Windograf, Valley View, OH, USA) as described by (Waters) Gg Shield column (250nm x 4.6mmi.d.) with
McKenzie et al. (2000). Following manipulation of the precolumn. The eluent was composed of two solutions, A and
opercular cannula, the eels were allowed at leastfdar B (87:13 mixture, v/v), where A was 1@mol -1 NaHPQy,
ventilatory activity to stabilise prior to collection of data for 100mgI-1 EDTA, 25CmgI-1 octansulphonic acid, pB, and
30 min. To quantify ventilation, the rate was counted for thred was a 3:2 (v/v) solution of methanol:acetonitrile. Elution was
5 min periods within each sampling interval, @shbaveraged performed in isocratic mode at a flow rate of hidnin1. A
from 10 measurements of individual waveforms within thattoulometric detector (Coulochem II, ESA, Chelmsford, MA,

period.Pop was used as an index of ventilatory effort. USA) was used with the following analytical conditions: Guard
_ _ cell, +250mV; Cell 1, -50mV; Analytical cell, —200 mV (gain
Tissue intracellular pH range 20(hA). The data were acquired and integrated by

Following collection of the blood sample, the eels werededicated software (Waters Millenium 2010). Samples were
injected with Iml of a 5gl-1 solution of MS-222 in saline, compared against curves derived from standard solutions
which caused loss of ventilatory movements withis. 5 of noradrenaline (25.6g1~Y) and adrenaline (29rig|-Y
The animals were removed rapidly from their chamber(Sigma, Sigma-Aldrich Srl, Milan, Italy).
decapitated, and samples of white muscle and the heart ‘freeze-Cortisol was extracted by adding 250plasma to 2Qul of
clamped’ with aluminium tongs and frozen in liquid nitrogenglacial acetic acid, loading the resultant solution onto
within 30s of death. Tissue intracellular pH (pHi) was Ultrafree-PF filter (50004 cut-off, Millipore, Bedford, MA,
measured as described by Portner et al. (1990). The tissue WSA), and filtering by centrifuging at 1@pfor 10min. The
ground to a fine powder while frozen under liquid nitrogenfiltrate was then transferred to am0test tube, and extracted
The powdered tissue was then defrosted in a sealadice with 4ml of diethyl ether. The organic phases were
microcentrifuge (Eppendorf) tube containing metaboliccollected, dried under vacuum, and the residue resuspended
inhibitor solution and, following centrifugation, the pH of thein 70ul of methanol. Recovery was approximately 90%
supernatant was measured with a Radiometer capillamyhen measured on duplicate standard samples. Cortisol was
electrode thermostatted to the temperature of the fish amdeasured by HPLC, as described in Volin (1992). Aub0
attached to a Radiometer PHM 73 blood-gas analyser. Casample of extract was injected onto a Symmetry C
was taken to ensure that the Eppendorf tube containé2b0mmx4.6mmi.d. column with precolumn. Analyses were
absolutely no air bubbles, as preliminary measuremeniserformed in gradient mode using two pumps (Waters Model
revealed that defrosting and centrifugation of the samples with10) equipped with a Rheodyne 7715 injector coupled with a
access to air caused highly variable tissue pH value$fodel 996 photodiode-array detector (Waters). The eluents
presumably as a consequence of the rapid loss of gaseaus G@&re (A) 30mmoll-1 NaHPQu, pH3, and (B) acetonitrile,

from the defrosted sample’s supernatant. and the linear gradient was B0n at 40:60 ratio of A:B,
_ _ _ followed by 35min at 100% A; flow-rate was 1r6l min-1,
Plasma ion concentrations and osmolality Detection was carried out at 245 and the chromatograms

Plasma Ci concentration was measured amperometricallystored in the range 200-46éh. The data were acquired
with a chloride titrator (American Instruments Company,and integrated by dedicated software (Waters Millenium
USA). Plasma cations (Nand C&*) were analysed by atomic 2010). Samples were compared against a curve derived from
absorption spectrophotometry (Phillips PYE Unicam SP9a standard solution of cortisol (8@yI-2) (Sigma).

Cambridge, UK). Plasma osmolality was measured with an

osmometer (Fiske One-Ten, Fiske Associates, Norwood, MA, Metabolic rate and tolerance of hypoxia
USA). Metabolic rate was measured as @ptake. Automated
intermittent flow-through respirometry (Steffensen, 1989) was
Plasma catecholamines and cortisol used to measure the instantaneogsuftake ratesMo,, in

Catecholamines were extracted from bOsamples of mmolO2 kg1h-1) of individual non-instrumented eels once
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Tablel. Extracellular and intracellular acid—base status in eels exposed for at least 6 weeks to wapartDpressures
(Pwco,) of approx. 0.8nmHg (ambient control), 15+#hmHg, 30+ImmHg or 45+ImmHg

Pwco, (MmHg)

Approx. 0.8 15+1 301 45+1
a[COy] (mmol 1Y) 13.0+1.8 41.6+1.6 59.8+2.6 74.7+4.0
pHa 7.89+0.08 7.75+0.02P 7.63+0.02 7.57+0.04
Paco, (mmHg) 3.7+0.3 17.5+1.3 35.0+1.F 47.5+2.9
a[HCOs] (mmol -9 12.8+1.5 40.8+1.6 58.2+2.6 72.5+4.1
White muscle pHi 7.13+0.65 7.03+0.02 7.03+0.0% 7.01+0.03
Heart pHi 7.02+0.03 7.10+£0.03 7.18+0.03 7.13+0.0%

1 mmHg=approx. 0.0131kPa.

a[CQy), arterial blood total C®content; pHa, arterial pHRaco,, arterial CQ partial pressure; a[HCS, arterial bicarbonate concentration;
pHi, intracellular pH.

Values are means + 4e.M. of six determinations, except for blood acid—base variables, viNwfeat Pwco, of 30mmHg andN=5 at
Pwco, of 45 mmHg.

A common superscript indicates no significant difference between grieup95).

every 10min, using a system described in detail by McKenziedescribed in detail by McKenzie et al. (2001). Maximum
et al. (2000). Eels were placed in a respirometer chamber asdstainable (critical) swimming speddkfi) was calculated (in
allowed to recover overnight in water at the appropfaie,. BL s ) as described by Brett (1964).
Mo, was then measured for B4 and routine metabolic rate
(RMR) calculated as the average rate measured over the entire Statistical analyses
24 h period. Standard metabolic rate (SMR), the amountof O Comparisons amongst groups for any given variable were
required for minimum maintenance metabolism, was estimatetdade by one-way analysis of variance (ANOVA) with
as the average of the six lowest measured valudsoofor Bonferroni post-hoctests to establish significant differences
each individual animal within the 24 period, thus amongst groups. Statistical significance was attributed at a
representing, a cumulative time ofhl1l(Cruz-Neto and 95% limit of confidenceR<0.05).
Steffensen, 1997).

Hypoxia tolerance in the eels was assessed as the critical
waterPo, level (Pwo,) at which the eels were no longer able Results
to maintain SMR during progressive hypoxia (McKenzie et al., Exposure to chronic hypercapnia elicited profound
2000). Eels from each experimental group were exposed fuhysiological responses in the eels, but did not cause any
gradual progressive hypoxia, witfPwo, reduced from mortalities.
saturation Pwo,=circa 150mmHg) to 120, 100, 80, 60, 40, 30
and 20mmHg every 20nin (two complete 1nin Extracellular and intracellular acid—base compensation
measurement cycles of the automated system), and the criticalAll of the hypercapnic groups exhibited a marked increase
Pwo, for maintenance of SMR then calculated as described byp a[CQOy], progressively from 18moll-1in control animals

McKenzie et al. (2000). to almost 75mmol -1 in animals exposed to 48mHgPwco,
. _ . (Tablel). This was associated with a progressive decline in
Sustained aerobic exercise performance pHa (Tablel). Calculation ofPaco, revealed that it was

Exercise performance and associated respirometry weeguilibrated at approximately @mHg abovePwco, in each
measured on small eels (mean live mass approximate!g)100 group, while plasma bicarbonate concentrations were elevated
with the automated Brett-type swim-tunnel respirometein all hypercapnic groups, to above ménoll-1in the group
described by McKenzie et al. (2001). Eels were placed in that a Pwco, of 45mmHg (Tablel). As can be seen in the
respirometer and trained to swim at a water speed equivalgpiti/bicarbonate (Davenport) diagram (Flg, the decline in
to 0.5 body lengths per seconBL(sY) for at least 1  pHa during hypercapnia did not parallel the non-bicarbonate
(overnight). The following day, the eels were exposed tduffer line calculated by Hyde et al. (1987) for plasma of the
progressive increments in swimming speed, of @251  closely related American edinguilla rostrata but deviated
every 40min, until exhaustion. Measurements Mf, were  significantly above it. Figl also carries data reported by
collected at each swimming speed, and used to calculate tMeKenzie et al. (2002), describing the effects on acid—base
theoretical rate of @uptake of a stationary resting fish (Brett, status of acute exposure to hypercapnia, consisting of
1958). This notional value, termed ‘immobile metabolic rate’sequential exposure at &fn intervals toPwco, levels of 5,
(IMR), was used to derive aerobic scope and the net aerohl®, 20, 40, 60 and 80. Comparison with the data from the
metabolic cost of swimming at each speed (Beamish, 1978), psesent study reveals that the animals in chronic hypercapnia
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Fig. 1. A pH—HCQ~ Davenport diagram describing (black symbols)
the blood acid—base status of eels exposed for at least 6 wee
to water CQ partial pressuresP(vco,) of approx. 0.8nmHg
(ambient control), 15+inmHg, 30+ImmHg or 45+ImmHg

Fig. 2. The relationship between plasma concentrations of chloride
and bicarbonate in eels exposed for at least 6 weeks to water CO
partial pressuresP(vco,) of approx. 0.8nmHg (ambient control),
15+1mmHg, 30+xImmHg or 45+ImmHg (1ImmHg=approx.

;l ﬂ?;g:?;pr;ﬁm&m:’;ﬁg&%c% é:ﬁs rz(a)rue e(gs:e“tt);itngﬁ:e 0.01316kPa). The black symbols indicate individual data points, the
pp y 9 €O, group ) .white symbols denote the mean values for e&uico,. The

diagram also carries data (white symbols) replotted from MCKenZI‘regression line for the individual data points is described by the

et al. (2002) describing blood acid-base status following acut,. . . _ o -
sequential 3Bnin exposures tBwco, levels of 5, 10, 20, 40, 60 and Ilr‘.near relatlonghlp .[HC@]_;O'817[CH+128 (°=0.536, N=24),
with concentrations in mmat.

80mmHg. The dashed line indicates tihevitro whole blood non-
HCO3~ buffer line for A. rostrataprovided by Hyde et al. (1987).

Values are meanss.em., N=5-7 determinations. comparison reveals that during chronic exposure the eels had a

less severe hypoxaemia at any giRazo,. However, Fig3
exhibited a profound accumulation of plasma bicarbonate aralso shows that the relationship between pHaGsagd was the
a consequent compensation of pHa for any gRatb,. The  same in eels exposed to chronic hypercapnia (this study) and in
compensation of pHa was, however, only partial and animakhose exposed to acute hypercapnia as reported by McKenzie et
at aPwco, of 30 and 45nmHg were suffering from chronic al. (2002). Thus, the increas€do, at any givenPwco, in
extracellular acidosis (Taklg. All of the hypercapnic groups, chronicversusacute exposure was only a result of compensation
however, regulated the intracellular pH of their white musclef pHa, not modifications of haemoglobir-@Xfinity. Despite
and heart to levels unchanged from those of normocapntbe chronic hypoxaemia aPavco, of 30 or 45mmHg, however,
animals (Tabld). there were no significant effects on either ventilatory frequency
or effort, where this latter was measuredPas (Table3).
Plasma ion concentrations
As shown in Fig2, there was a highly significant negative Stress indicators
linear relationship between plasma bicarbonate and plasmaExposure to hypercapnia had no effect on plasma
chloride P<0.0001), with an almost equimolar loss of plasma
chloride for each bicarbonate ion accumulated. Howeve
plasma Ct concentrations were only significantly lower than Table2. Plasma ion concentrations in eels exposed for at

the controls at #wco, of 45mmHg, due to wide individual least 6 weeks to water G@artial pressuresRwco,) of
variations (Farrell and Lutz, 1975) within all groups. There approx. 0.8mmHg (ambient control), 15+#hmHg,
were no significant effects of chronic hypercapnia on plasm 30+1 mmHg or 45+ImmHg
Na* or C&* concentrations (Tabl2). PWCo, [cH [Na*] [Ca2*]
Y B iv]—T iv]—T
Blood @ content and ventilatory responses (mmHg) (mequivT) (mequivi™) (mequivi™)
The increasePaco, in the hypercapnic groups, and the Approx. 0.8 118:7 140=7 6.9:0.5
X e ) ' ' 15+1 90+5b 1163 7.1£2.3
accompanying extracellular acidosis, was linked to a progressi'z,q 84+13b 120+8 6.6+0.4
reduction inCao,, presumably as a result of Root and Bohrgg4+q 71+10 116+7 9.2+1.0¢
effects on haemoglobinsObinding. The hypoxaemia was
significant in animals at 30 and #BnHg Pwco, (Table3). 1 mmHg equals=0.013Pa.
Fig. 3 compares the percentage reductio€an, in eels from Values are mean +4e.M., N=5—7 determinations.

the present study with data replotted from McKenzie et al A common superscript indicates no significant difference between
(2002), describing the effects of acute hypercapnia. Thgroups P>0.05).
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°
3 100- Table3. Arterial Oz content and ventilatory activity in eels
L exposed for at least 6 weeks to water.@@rtial pressures
& 807 (Pwco,) of approx. 0.8nmHg (ambient control),
8 15+1 mmHg, 30+ImmHg or 45+ImmHg
=
g 607 Pwco, Cao, fe Pop
5 (mmHg) (vol.%) (beatsnin~?) (Pa)
s 407 Approx. 0.8  11.6+1% 34+ 233
o 151 9.6+1.7b 3212 194
< 207 30+1 7.1+1.8 20+ 32+12
§ A 45+1 5.9+2.2 39+6% 32+
0 T T

0 10 20 30 40 50 1 mmHg=approx. 0.0131kPa.

Paco, (mmHg) Cao,, arterial total @ content;fc, gill ventilation frequencyPop,
opercular pressure amplitude.
14 B Values are mean +4e.M., N=5-7 determinations.
A common superscript indicates no significant difference between
12
groups P>0.05).
10 1

There were also no significant effects of hypercapnia on any
aspect of exercise metabolism or performance. The eels from
4 all groups showed an exponential increase drc@hsumption

with increased swimming speed, Higshows this exponential

Cao, (vol. %)
<@

27 relationship between swimming speed and total uptake
0 . . . . in the control group and the group exposed to the highest
0 72 74 76 78 80 Pco,, at 45mmHg, and also the power relationship between

pHa swimming speed and net cost of swimming in these same two
groups. These exponential and power relationships were

Paco, on arterial fotal @ content Cao,), expressed as the essentially indistinguishable amongst all the four groups, and

percentage change relative to normocapnia, in eels exposed eithe/ fgXIMUM Mo,, aerobic scope andcrir were not statistically

chronic (black symbols) or acute (white symbols) hypercapnia(.jIiﬁcerent (Tables).

(B) The relationship between arterial blood pH (pHa) &ad, in
eels exposed to either chronic (black symbols) or acute (white ) )
symbols) hypercapnia. Chronic hypercapnia implies at least 6 weeks Discussion
exposure to water C{partial pressurePvco,) of approx. 2mmHg The exceptional tolerance of chronic hypercapnia exhibited
(ambient control), 15+inmHg, 30+ImmHg or 45+ImmHg; acute by the European eel is greater than has been described in any
hypercapnia implies sequential 80n exposures to &wco, of 5, other teleost to date (Heisler, 1993; Larsen and Jensen, 1997)
10, 20, 40, 60 and 8@mHg (ImmHg=approx. 0.0131kPa). Data  ang js another example of the remarkable capacity for
{?;|5§::eh%iir:§2'; a':Ie_E:E?'ggte:m?icr’];io'\fgenz'e et al. (2002 vsiological adaptation that characterises the gangsilla
e ' (Tesch, 1977; van Waarde, 1983; Hyde et al., 1987). Some
elements of the hypercapnia tolerance observed in the present
noradrenaline, adrenaline or cortisol levels, which were low istudy may have been a consequence of the hard water
all groups (Tabl@). There were no differences in plasmaemployed; Larsen and Jensen (1997) found that increased
osmolality amongst the four experimental groups, the evidenagater [HCQ] improved the ability of rainbow trout
of increased osmolality atRwco, of 30mmHg and 45nmHg  Oncorhynchus mykis¢o accumulate plasma HGO and
was not significant (Tabk). Furthermore, as can be seen intolerate hypercapnia, but that the best acid—base compensation
Table4, there were no significant effects of hypercapnia omvas observed in trout exposed in water containing both high
RMR or SMR. HCOz and high Ca* concentrations. The recirculating water
in European eel farms is rich in sodium bicarbonate, which is
Regulation of aerobic metabolism during hypoxia and  added to maintain water pH (Steffensen and Lomholt, 1990),
sustained aerobic exercise so it would be interesting to study the responses of eels to
In all groups, exposure to hypoxia was associated with hypercapnia in softwater.
decline towards and beyond SMR as hypoxia deepened (dataThe accumulation of plasma H@Oto levels above
not shown), but there was no effect of hypercapnia on the0 mmoll-1 by the eels exposed toRwco, of 45mmHg is
critical water Po, for maintenance of SMR (Tab), the highest yet reported in a teleost (Bdrjeson, 1977; Jensen
indicating that all groups were equally tolerant of hypoxiaand Weber, 1982; Dimberg, 1988; Larsen and Jensen, 1997)

Fig.3. (A) The effects of increasing arterial €@artial pressures
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Fig. 4. (A) The relationship between swimming speed apdpdake,

and (B) between swimming speed and net cost of swimming{as O
uptake; see text for details), in normocapnic control eels (red
symbols and regression line) and in eels exposed for at least 6 weeks
to a water CQ partial pressure of 45¢hmHg (blue symbols and
regression line). In A, for control eels the relationship was described
by the exponential equationy=2.85-2% (r2=0.699, N=23
observations on six animals), whereas for eels exposed to
hypercapnia the equation wag=2.94é-1% (r2=0.714, N=29
observations on seven animals). In B, for control eels the relationship
was described by the power equatipr6.45-50 (r2=0.755, N=23

° observations on six animals), whereas for eels exposed to
0 : : : : : ‘ hypercapnia the relationship was described by the equation
025 050 075 1.00 125 150 1.75 y=6.51x1-70(r2=0.739,N=29 observations on 7 animals).

Mo, (mmol kg? h1)

20
B ° acidosis that occurs upon initial exposure to hypercapnia

(McKenzie et al., 2002). It seems unusual, however, that the
eels did not completely compensate for the chronic
extracellular acidosis at Bwco, of 15 or 30mmHg if they
were capable of the profound accumulation of HGibserved
at aPwco, of 45mmHg. That is, the eels tolerated some degree
of extracellular acidosis at all levels of hypercapnia. One
possible explanation for the incomplete regulation of pHa may
be that the eels regulated extracellular pH only as far as was
required to ensure regulation of pHi. Although it is well
0 . . . ' . . established that teleosts regulate pHi in hypercapnia (Heisler,
025 050 075 100 125 150 1.75 1984, 1993), the present study may have been the most extreme
conditions for which such regulation has been demonstrated.
Given the ability of the eel to regulate pHi during
hypercapnia, the primary physiological imbalances appear to
and was linked to the ability of the European eel to tolerathave been the chronic extracellular acidosis, exceptionally low
unusually low plasma Cllevels (Farrell and Lutz, 1975), as plasma chloride levels and hypoxaemia. McKenzie et al.
demonstrated by the inverse approximately 1:1 relationshif2002) found that an 80% reductionQao, elicited by acute
between plasma [HCGE and plasma [C]. A similar  hypercapnia exposure had no effect on routine metabolic rate
equimolar relationship has been described in rainbow trouh the eel, so the reduction @ao, levels of approximately
exposed to hypercapnia (Larsen and Jensen, 1997). TheHCB0% observed at Bwco, of 45mmHg in the present study
accumulation allowed the eels to compensate for the acuteould not, therefore, be expected to limit the ability of the eels

Net cost of swimming
(mmol & kgt h)

Swimming speedBL s7)

Table4. Plasma concentrations of stress hormones, plasma osmolality and metabolic rate in eels exposed for at least 6 weeks
water CQ partial pressuresRwco,) of approx. 0.8nmHg (ambient control), 15+#hmHg, 30+ImmHg or 45+ImmHg

Pwco, (MmHg)

Approx. 0.8 151 30+1 45+1
Adrenaline (nmcl—1) 3.11+0.31 3.42+0.33 3.11+0.62 3.92+0.31
Noradrenaline (nmdt1) 5.31+0.90 5.72+1.10 7.32£1.22 6.90+£1.11
Cortisol (nmo!l-1) 22.30+3.72 33.61+6.33 27.62+7.82 27.80+10.51
Osm (mosmokg™2) 292+6 296+4 309+12 300+4
RMR (mmolO2 kg1 h™1) - 0.94+0.37 1.16+0.37 1.07+0.18
SMR (mmo!O2 kg1 h™1) 0.85+0.10 0.61+0.13 0.7440.31 0.80+0.24

1 mmHg=approx. 0.0131kPa.

Osm, osmolality; RMR, routine metabolic rate; SMR, standard metabolic rate (please see text for details).
Values are means sle.m.

For plasma hormones and osmolalitizr5—7 determinations.

For metabolic rate\=8 in all cases.

There were no significant differences amongst groups for any varie0g).
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Table5. Tolerance of hypoxia, and selected metabolic and performance traits for sustained aerobic exercise, in eels exposed for
at least 6 weeks to water G@artial pressuresRwco,) of approx. 0.8nmHg (ambient control), 15+hmHg, 30+ImmHg or

45+1 mmHg
Pwco, (mmHgQ)
Approx. 0.8 15+1 301 45+1

Pwo,crit (MmMHQ) 31+14 24+11 32+10 27+12
IMR (mmol Oz kgt h™%) - 3.05+0.557 3.75+0.34 3.36+0.58
AMR (mmol O2 kg1 h1) 14.70+2.29 16.81+3.35 16.64+2.40 15.25+2.37
Aerobic scope (AMR/IMR) 4.80+0.37 6.07+1.15 4.66+1.00 5.44+1.26
Ucrit (BLS™) 1.42+0.09 1.39+0.10 1.43+0.09 1.45+0.13

1 mmHg=approx. 0.0131kPa.

Pwo,crit, critical hypoxic water @ partial pressure required for maintenance of standard metabolic rate; IMR, immobile metabolic rate;
AMR, active metabolic raté)crit, maximum sustainable aerobic swimming speed (please see text for délaitx)dy length.

Values are means #le.m., N=8 in all cases.

There were no significant differences amongst groups for any variable.

to meet their routine ©requirements. Indeed, there were noenergetic costs for acid—base and ion regulation are low in the
significant effects of chronic hypercapnia on RMR or SMRgeel, as they appear to be in other teleosts (Morgan and lwama,
and this would explain the absence of any hyperventilation i©999).
the hypercapnic groups. However, thaco,, pHa andCao, It was unexpected that the ability of eels exposed to
levels measured in the hypercapnic groups in the present studypercapnia to regulate aerobic metabolism in hypoxia
elicited a significant hyperventilation when they were createtvas equal to the normocapnic controls, despite significant
by acute exposure (McKenzie et al, 2002), revealindgiypoxaemia in animals @wco, levels of 30mmHg and
compensation of the ventilatory response during chronid5mmHg. A previous study found that acute hypercapnia
exposure (Larsen and Jensen, 1997). exposure decreased tolerance of hypoxia in the eel (Cruz-
The circulating levels of the catecholamines adrenalin®leto and Steffensen, 1997), and this difference from the
and noradrenaline increase in teleost fishes immediately mesults of the present study may be linked to the severe effects
response to a variety of physical and environmental stresse$ acute exposure on blood; @ontent (McKenzie et al.,
that require enhanced 2Otransport, such as exhaustive 2002) that were ameliorated in chronic hypercapnia by the
exercise, hypoxia or hypercapnia (Randall and Perry, 1992). tbompensation of acid—base status. The differences in hypoxia
is perhaps somewhat surprising, therefore, that the hypercapiaterance may also have been a consequence of the effects of
eels did not show a chronic elevation of plasmawvater chemistry on the regulation of acid—base balance
catecholamines, despite their extracellular acidosis an@arsen and Jensen, 1997). Cruz-Neto and Steffensen (1997)
hypoxaemia. Catecholamines are, however, an indicator studied eels in water with a hardness of rfgl-1as CaC@,
acute rather than chronic stress in fish (Randall and Perrgpmpared with the hardness of 2#Q1-1 as CaCQ@ in the
1992), and members of the gemdieguilla do not show a present study. Nonetheless, the ability of the eels in the
pronounced catecholamine release when compared witfresent study to regulate their aerobic metabolism in hypoxia,
salmonids (Gilmour, 1998). An elevation of plasma cortisol iddespite quite profound hypoxaemia, demonstrates that their
the most widely used primary indicator of chronic sublethatardiovascular and ventilatory systems possess an
physiological stress in fish (Barton and Iwama, 1991gxceptional capacity to meet the @emands of their tissues
Wendelaar Bonga, 1997). The absence of any increase (NcKenzie et al., 2002).
plasma cortisol is an indication, therefore, that hypercapnia at In salmonids, sustained aerobic swimming performance is
the levels tested was not stressful to the eel. In many freshwatarpaired by elevated water G@&@vels (Dahlberg et al., 1968),
teleosts, reductions in plasma osmolality and increases and their maximum performance appears to be closely matched
metabolic rate can occur as a secondary consequence oftanthe capacity of their cardiovascular system fosp O
underlying endocrine response (Wendelaar Bonga, 1997). Tlwenvection, as reductions @ep, cause reductions in aerobic
absence of any variations in osmolality or SMR in the eels iscope, AMR andUcrit (Jones, 1971; Brauner et al., 1993;
therefore, consistent with the absence of an endocrin@allaugher et al., 1995, 2001). Contrary to expectations,
response, and is further evidence that chronic hypercapnia ditironic hypercapnia did not have any negative impact on these
not present a sublethal stress. The fact that hypercapnia did parformance traits in the eel and, despite a 50% reduction in
cause a decline in SMR indicates that there was no anaesthe&@ia,, the animals adapted toPavco, of 45mmHg exhibited
effect of CQ (Bernier and Randall, 1998). Conversely, thethe same fivefold increaselifio, and achieved the same AMR
absence of any increase in SMR, which represents thes observed in normocapnia. The fact that eels in normocapnia
minimum costs of organismal maintenance, may indicate thalid not perform better than those adapted t®wao, of
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