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Summary

The present study was undertaken to answer two performance of CLP trout, but that exposure to CLP
guestions relating to the exposure of brown troutSalmo reduces the maximum demand for @, i.e. it is a limiting
trutta to sublethal concentrations of copper and low pH factor.

(CLP) for 96h. (1) What is the effect of these pollutants on The accumulation of ammonia in the plasma and white
the rate of oxygen consumptionNlo,) at different levels of muscles during exposure to CLP has already been
exercise and (2) why does ammonia accumulate within these implicated in reducing the swimming performance of
fish, when the low external pH should favour the diffusion of brown trout. Inhibition of cortisol synthesis abolished a
NH3 across the gills? MearMo, of fish in CLP and control  large proportion of the increases in both the accumulation
(normal pH and no added copper) conditions were not and excretion of ammonia that occurred during the
significantly different from each other at any level of second 48h of the exposure to CLP, but did not inhibit
exercise. This suggests that exposure to CLP was not a ammonia accumulation completely. It is suggested that
‘loading’ factor at any level of activity. However, CLP not only causes an increase in the rate of production
both maximum Mo, and critcal swimming speed of ammonia, which is enhanced when the level of cortisol
(Uerit)  were  significantly lower in the CLP trout  starts to increase after 48h, but that it also inhibits an
(5.5+1.6 mmol Q@ kgth-1 and 1.12+0.08BL s1, respectively)  excretory mechanism (most probably N&NH4* exchange)
than in control fish (18.5+2.3mmolQkgh-1 and that is non-obligatory under ‘normal’ conditions (when
2.04+0.11BL s, respectively). There was no evidence from passive diffusion is sufficient), but is required in order to
cardiovascular variables, such as heart rate and cardiac respond to unusually high ammonia loads.

output, to suggest any changes in the oxygen transport

system to compensate for any possible reduction in

branchial gas exchange. Thus, it is suggested that oxygen Key words: copper, low pH, ammonia, gas exchange, swimming,
exchange and transport do not limit the swimming brown troutSalmo trutta.

Introduction.

Background pH that cause ‘considerable’ mortality to rainbow trout also

The gills of fish are particularly vulnerable to manyreduce the swimming performance of the survivors. This, they
waterborne pollutants, including heavy metals and low pHconcluded, was due to the effect of the pollutants upon both
Such pollutants often cause considerable ultrastructuraixygen demand and maximum uptake, leading to a greater
damage, including hyperplasia of epithelial cells, necrosis afequirement for oxygen at any given speed (‘loading’ effect)
chloride cells, swelling and fusion of lamellae and proliferatiorbut a lower maximum rate of uptake (‘limiting’ effect).
of mucocytes (Kirk and Lewis, 1993; Wilson and Taylor, 1993; Exposure to sublethal levels of copper and low pH together
Taylor et al., 1996). In consequence, a major toxic effect ofan also result in gill damage, but to a lesser extent. Brown
these contaminants is the disruption of the ability of the gill tdrout Salmo truttal_., exposed for 96 h to 0.@8nol I-1Cu2* in
act effectively in its capacity as an exchange organ either facidic (pH5) softwater, were found to have some minor
respiratory gases or ions. At levels of copper that causstructural deformations of the secondary lamellae, but there
mortality within 24 h, rainbow trouOncorhynchus mykiss was no significant difference in the harmonic mean diffusion
(Walbaum) experience severe ionoregulatory failure coupledistance compared with fish from control conditions (Taylor et
with a progressive systemic hypoxia (Wilson and Tayloral.,, 1996). While swimming performance of fish exposed to
1993). Perhaps unsurprisingly, these effects have consideratdepper and low pH was lower than that of control fish, their
impact upon physiological function. Waiwood and Beamistrate of oxygen consumptioMp,) while routinely active was
(1978), for example, showed that levels of copper and lowo different, and there were no differences in the oxygen
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content or partial pressure of the arterial blood of exercisingollutants uporMo, at different levels of exercise? Secondly,
fish, which suggests the absence of an underlying diffusionathy does ammonia accumulate within these fish when the low
limitation (Beaumont et al.,, 1995a). A putative role ofexternal pH should favour ‘ammonia trapping’ (the conversion
increased blood viscosity following haematological changes iof the permeable Nto the impermeable NH ion), thus
reducing the supply of oxygen to the tissues is unsupported logaintaining the gradient for the diffusion of this toxic waste
the haematological evidence. Plasma sodium, chloridgroduct out of the fish as NHLin and Randall, 1991)? The
potassium, haematocrit, haemoglobin and plasma protemate of oxygen consumption during exercise was measured in
concentrations were not affected by CLP exposure, there wascomputerised swimming respirometer using fish fitted with
a lack of further change in variables such as lactate at the ongetinsonic flow-probes in order that cardiovascular changes
of exercise (Beaumont et al.,, 2000a), and the balance cobuld also be recorded. Ammonia fluxes and the pattern of
evidence points away from oxygen delivery being a significardmmonia accumulation within trout exposed to copper and low
limiting factor during exercise. However, maximuMo, pH were measured, and the role of cortisol investigated by the
(Mo,max) was not measured and there were some changes ise of metyrapone, which inhibits cortisol synthesis (Milligan,
muscle metabolic status that could be interpreted as evident897).
of a degree of hypoxic stress (Beaumont et al., 2000a).

A likely alternative is that hyperammonaemia arising from
exposure to copper and low pH is the primary cause of the loss
of swimming performance (Beaumont et al., 2000a,b; Shingles Animal husbandry
et al.,, 2001). Ammonia is a toxic end product of various The animal husbandry was identical to that described in our
metabolic processes, in particular the hepatic transdeaminatiprevious studies (Beaumont et al., 1995a,b). Briefly, adult
of amino acids (Walton and Cowey, 1982) and, duringorown troutSalmo trutta.. (mass, 300-600 g) were acclimated
episodes of stress, its production may be stimulated by d@n the experimental temperature (10+0.2°C) and softwater
elevation in the circulating levels of catecholamines andaonditions (approximate composition, jimol -1 C&*, 50;
cortisol (Wendelaar Bonga, 1997; van Weerd and Komer\a*, 75; K*, 5; Mg?*, 40; Ct, 100; SQ%, 65; NG, 5) for a
1998). In freshwater fish, most (approximately 90%) excretiominimum of 4 weeks in continuously flowing water.
of ammonia occurs across the gills, with the remainder being
excreted renally or cutaneously (see Wood, 1993). The actual Rate of oxygen consumption and swimming experiments
mechanisms of branchial ammonia excretion remain somewhat Fish were anaesthetised with MS-222 (100Thghuffered
controversial, however. Possible routes include the passite pH 7.5 with NaHC@®). Once ventilation had ceased, the fish
diffusion of NHs or NHs*, or an active exchange of MH were transferred to the operating system where the gills were
against a counter-ion such as &t Na (Wilson and Taylor, irrigated continuously with aerated, buffered anaesthetic
1992). (50mgtY). In a total of eight fish, the ventral aorta was

It is generally agreed that, in freshwater fishesexposed by making an incision within the opercular cavity
transepithelial N&* diffusion is an unlikely option due to the where the vessel could be clearly seen running under the skin.
relative impermeability of the gill epithelium to the ammoniumConnective tissue was eased apart and a factory-calibrated flow
ion, whereas the passive diffusion of dislnormally accepted probe (Transonic Systems Inc, Ithaca, NY, USA) placed
as an important pathway (e.g. Wood, 1993; Wilkie, 1997). Tharound the ventral aorta. The probe was sutured in place and
question of an active excretory mechanism has been a matthe overlying skin also sutured back into place. To ensure that
of argument, however, not least because of the absence ofte wound was sealed and that the probe would not move, a
method to differentiate between the movement o tdigether  polythene patch was secured with polyacrylamide glue over the
with a proton and of the NH ion alone. Despite numerous wound. The lead from the probe was led from the operculum
attempts to establish the relative importance of the variousnder the pectoral fin and up to the dorsal fin. It was secured
putative mechanisms for the clearance of ammonia across tteethe fish by further sutures.
gills of fish, the matter is still largely unresolved (e.g. Cameron The fish was put into clean water and allowed to begin
and Heisler, 1985; Evans and Cameron, 1986; Randall amdcovery before being placed into the respirometer flume. This
Wright, 1987). However, recent opinion seems to be that undé a swimming respirometer developed at the University of
most conditions, passive diffusion of MHKan account for Birmingham from an original design provided by Dr John
almost all branchial ammonia excretion (e.g. Wilkie, 1997)Steffensen (Steffensen et al., 1984). Data acquisition and
with a small role perhaps for a non-obligatory*M8Hs"  automatic control of the flume were achieved through a

Materials and methods

exchange (Salama et al., 1999). computer with a Lab-PC+ interface card and running software
written in the LabWindows/CVI environment (National
The present study Instruments). The fish was sealed in a plastic tunnel (maximum

The present study was undertaken to investigate a numbemss-sectional area 289 &nthrough which there was a flow
of aspects of gas exchange over the gills of brown troutf water generated by a propeller and variable speed, d.c.
exposed to sublethal copper and low pH. Specifically, the aimmotor. The water flow was adjusted by shaped honeycomb
was to address two questions. Firstly, what is the effect of thesections both before and after the swim chamber, in order to
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minimise turbulent flow at all test velocities. The respirometeconstantly from a stock solution of CuClo maintain the
had a total volume of 80 litres and was mounted in a largetesired concentration in the experimental water. This was
tank in which the water is cooled to 10+£0.2°C and replaced aegularly monitored by aniodic stripping voltammetry
3IminL The respirometer can be converted from an open t(Radiometer POL150 polarograph with a hanging-drop
closed system for measurement of oxygen depletion. Betweenercury electrode and Tracemaster 5 software), which under
measurements, water was pumped from the outer tank throughr experimental conditions, had an experimental detection
the respirometer. Water was sampled by continual gravity fedimit of approximately 0.0umol =2, In the control, artificial
from the swim chamber and drawn past an oxygen electrodmftwater, copper concentration was always below this
(Strathkelvin Instruments 781 meter and 1302 microcathodéetection limit. The appropriate pH was maintained by titration
electrode) also maintained at 10°C. with either 5% NaOH or 5% #$Qu.

After 24 h, automatic oxygen consumption measurements Flux measurements were made at 24 h intervals. At the
were begun. For each measurement, the water pump whseginning of each measurement period, the pumps were
switched off, sealing the respirometer. The pump was restartegvitched off and a 20ml water sample taken from each box.
before water oxygen saturation in the respirometer fell belowhree further samples were taken at intervals of 30—60 min.
90%. The software calculated the decline by regressiomhe pH of each sample was measured immediately
analysis and stored the value along with goodness of fit. THRadiometer PHM72 meter with Russell CT757 low-
software then calculated and stored the rate of oxygewonductivity electrode) and ammonia concentration measured
consumption using the appropriate oxygen solubilityusing a micro-modification of the salicylate method (van
coefficient (Boutilier et al., 1984) and the fish mass. Verdouw et al., 1978).

After a total of 48 h post-operative recovery, exposure to the Blood samples (0.5-1.0ml) were taken and haematocrit
test water was begun. For four trout this was @m8lI-1  (Hct) was measured immediately, using a Hawksley micro-
copper at pH5 (CLP), and for the remaining four fish, théhaematocrit centrifuge, in order to monitor blood loss. Fish
acclimation water at pH7 was used, with no added coppevere eliminated from the experiment if Hct fell below 20% of
(control). At 96 h of exposure, critical swimming spe&dr; the initial, ‘normal’ values (see Beaumont et al., 2000a). The
Brett, 1964) was determined using intervals of 0.5'vamd  remaining sample was centrifuged at 9,0 order to
time periods of 45min to ensure that several respirometrgeparate plasma and red blood cells, which were subsequently
measurements could be made at each speed. Data from tksuspended in saline and reinjected into the fish. Plasma pH
blood flow probe were time-stamped and recorded continuouslyas determined using a Cameron BGM200 blood gas system
so that they could be analysed in conjunction with those frorthermostatically controlled to 10°C. Plasma carbon dioxide

the respirometer flume. concentration was determined using a Corning 965 carbon
_ _ dioxide analyser calibrated with high precision standards
Ammonia accumulation and flux (MultiCal, Ciba-Corning). Plasma total ammonia

A catheter was inserted into the dorsal aorta of 16 fisboncentration Tamn] ([NH3]+[NH4*]) was measured, within
(Soivio et al., 1972). In six of these, a catheter was als@h of sample collection, using Sigma kit no. 171. The
implanted in the ventral aorta. Cannulae were made of PE-5@8maining plasma was frozen at —70°C for later analysis of
tubing and, in both cases, the cannulae were inserted througbrtisol concentration by RIA (ICN immunochem).
the mouth. The ventral aorta is covered by a layer of cartilage Free (NH) and ionised ammonia (N concentrations in
through which a hole was first made using a needle with its tizater ~and  plasma were calculated from the
removed. Cannulae were secured with sutures andenderson—Hasselbalch equation:
polyacrylamide glue. The ventral aorta cannulation had :

relatively poor success rate, with some fish losing a significar [NH4" = Tamm , 1)
amount of blood during the operation. Such trout were rejecte 1+ 1H-PK
from the experiment. d
Trout were placed in polyacrylamide flux boxes of volumean
[NH3] = Tamm—[NH4™], (2

approximately 2.5litres, constructed following a design
provided by Dr Gordon McDonald (McDonald and Roganowhere values of pKwere estimated from the nomogram of
1986). Pumps circulated water through each flux box and @ameron and Heisler (1983). The pihd CQ concentrations
stream of air bubbles ensured adequate mixing and aeratiand appropriate solubility coefficientsaNHsz, aCOz,

The fish were allowed to recover for 48h prior to thedetermined from Cameron and Heisler, 1983; Boutilier et al.,
commencement of the 96h experimental exposure regimé&984) were used to calculate the partial pressures of ammonia
Five trout with only a dorsal aortic catheter, and six with both{Pwnh;) and carbon dioxideRvco,).

dorsal and ventral aortic catheters, were exposed to CLP, and

five fish, with dorsal aorta catheter only, were left as controls Cortisol inhibition

in the acclimation water only. Other than during the flux Catheters were implanted into the dorsal aorta of six trout,
measurements, there was a continuous flow of water througthich were subsequently placed into flux chambers as
the flux boxes at a rate of 3Imin Copper was added described above (Ammonia accumulation and flux). After 48 h
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recovery, metyrapone (Sigma P856525) was injected throu¢ g 6 -
the catheter (3mg100gbody massn Courtland’s saline) B i
prior to the initiation of CLP exposure. Ammonia flux EE; 51
measurements, analysis of a plasma sample (for Rl §1 #
and cortisol levels), and a further metyrapone injection, wer <7 41
made after each 24 h over a 96 h exposure period. gé 3.
Ammonia infusion o £ 21
Three fish had catheters inserted into their dorsal aorta ai = & £
were allowed to recover for 48h in control water in the flux g 11
chambers. Ammonia fluxes were measured and a blood sam| é ol . ] ] ] ] ,
taken and analysed for Hct, plasma pH and plastaan]. 24 0 24 48 72 96
Ammonia was then infused into each anine the dorsal Time after addition of test water (h)

aorta. The infusion consisted of 0.5nm8IINH4HCO;3 in _ _ .
Fig. 1. The routine rate of oxygen consumption of brown trout

Courtland’s saline, which was infused at a rate of I#lh : .
After 24h ia fl d d during 4 days of exposure to either control (pH7, no added copper)
er , ammonia Tiux was measured once more and . copper and low pH (CLP; pH5 and 0p08ol I-1Cu) conditions.

further blood sample taken for analysis. To aVOidValues are means <£e.M., N=4. Circles, control data; squares, CLP
contamination with infusate, the first 1 ml of blood samplecata. in all figures and tables, symbols indicate significant effects as
was rejected and the second sample analysed. follows: # significant effect of CLP compared to contfaignificant
Results are presented as meanset. Unless otherwise effect of CLP compared to pre-exposure value, * significant effect of
stated, significant effects were determined using one- or twexercise} significant effect of CLP and metyrapone. The number of
way analysis of variance (ANOVA) and corrected, assymbols indicates the level of the effect (one, two and three symbols;
appropriate, bypost-hocBonferroni tests, or by univariate P<0.05,<0.01 and <0.001, respectively).
repeated-measures analysis using Systat software (Stats
Inc). Where data did not have a normal distributionno significant difference iMo, between either group of trout
appropriate logarithmic or arcsine transformations wergFig. 2).
applied prior to the analyses.
Cardiovascular parameters
Results I_n the_z control t_rout, cardiac outpl_Jt @grit was increased_by
] o ) a significant 2.6 times from the routine rate (Table 1). This was
Rate of oxygen consumption and swimming experiments ,chieved by a significant 2.4 times increase in heart rate while
Rate of oxygen consumption stroke volume remained unchanged (Table 1). Routine cardiac
Mean body mass and standard length of trout used in theutput did not change significantly in trout exposed to CLP
control group (581+25g and 386+x10mm) were not(P=0.13; Table 1) in comparison to that in control fish. At
significantly different from those of the CLP exposed fishUcrit, cardiac output of CLP exposed trout had increased
(520+11g and 370+7 mmYcrit was a significant 45% lower significantly but was significantly less than that of control fish
in the CLP fish compared to that in control trout (1.12+0.06t Ucrit (P=0.05). However, at any given speed, the mean
and 2.04+0.1BLs™}, P<0.001, respectively, whelL=body
length). There was a degree of individual variation in routine  Table 1.Cardiovascular data for trout kept in control or
mass-specific rate of oxygen consumptibtog) of the control copper and low pH (CLP) waters for 96 h and measured at
trout, although there was a non-significant trend towards routine levels of activity and at critical swimming speégli{)
decline both in the amount of variation and the mean valu

. . . Activity level Control CLP
during the course of the experiment (Fig. Mo, of CLP
exposed trout was not significantly different from that of theCardiac output Routine 34.5£3.0 45.8£5.7
control fish except at 32h, when it was significantly lower (MIMin-tkg™ Uerit 90.4£8.1*  63.8+8.5%
(P<0.05), and at 72h, when it was significantly higherHeart rate Routine 28.2+2.3 31.9+1.5
(P<0.01), than those of the control fish. At the end of the (beatsmin?) Ucrit 68.6+2.8%*  54.6+1.7**##
exposure  period, Mo, in  control  trout was goke volume Routine 1.2+0.03 1.4+0.20
2.620.3mmol Qkg=th-1 (N=4). Rate of oxygen consumption  (mlkg-2) Uerit 1.3+0.09 1.1+0.16
of control trout increased exponentially with swimming speec
(Mo,=1.68+0.27&15:024  2-0 93+0.03, where U is Control conditions: pH 7, no coppe¥=4; CLP conditions: pH 5,

swimming speed iBLs™1). MeanMo, of control fish atUgrit ~ 0.08umol = copper;N=4.

was 18.5+2.3mmol gkg-1h-1, whereaﬂ{/IOZ of CLP exposed Superscript symbols denote significant effects; * effect of exercise,
trout atUcrit was significantly less at 5.5+1.6 mmaikyh. # effect of CLP. The number of symbols indicates the level of the
However, CLP exposed trout had a significantly loweri effect (pntla, two and three symboBg0.05, <0.01 and <0.001,
than untreated trout and, for any given speed, there was in f&'€SPECtVely).
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_ 20+ Fig. 2. The rate of oxygen consumption and cardiovascular
Hb parameters of brown trout while swimming after having been
= 16 1 exposed to either control (pH 7, no added copper) or copper
% 12 5 and Iovy pH (CLP; pH5 and 0.@énol I—1Cu) con(_jitions for _
= 96 h. Diamonds, rate of oxygen consumption; circles, cardiac
% 0.8 - |4 a output; triangles, heart rate; hexagons, difference in oxygen
> = content between arterial and mixed venous blood
S 04 | 3 8 Cap,—Cvo,; inverted triangles, cardiac stroke volume.
& 0 ‘E’N Closed symbols, control data; open symbols, CLP data.
L 5 o Values are means ££.M., N=4. Where vertical lines are not
80 — @N presents.E.m. is within the limits of the symbol.
o T 1§
® .S 60 . -
b g L o cardiac output of CLP trout was not significantly
E B 40 — 120 different from that of control fish (Fig. 2). The increase
= of cardiac output in CLP exposed fish when exercised
c  20- /% - 100 o o was achieved by a significant, 1.8-fold increase in heart
= 5 - /% e - 80 %__\4 rate, while stroke volume was unchanged from that at
g /é/.,/" 60 S T rest (Table 1).
g T 20+ 3 fé:/ 5 E
§ 2 15 - y>§f - 40 g E Ammonia accumulation and flux
‘é 9“ 10 4 § """ ¢ - 20 Mean plasma Tamnl of control fish remained
5 g § ----- - ¢ Lo unchanged during the experiment, while in CLP
© £ 51 PR s o exposed trout, plasmaldmn] increased by almost
£ 0 - — T sixfold from the pre-exposure level of 130.1+27.1 to
= OS‘\\(‘g/Q/.}:;/Q.O-Q AR BB O PP 776.9+116.51mol I (N=5, P=0.004; Fig. 3). The rate
A& 0 o \/@/\/719/\)9/@0/\/‘.6 q}p/ of increase in plasmaj{mn] in CLP exposed trout from
& Speed (body lengths% 48h to 96h (9.6x1.amollth-1) was significantly
greater P<0.05) than that from -0.5 to 48h
(5.8+1.4umol I-1h-Y),
. 4 1000 Net ammonia excretion in trout exposed to control
t1t ’ P conditions did not change significantly throughout the
L 800 — exposure, ranging from 162.3+15.3 to
2 105.7+26.umolNkgh—1 (N=5). In those trout
+ L 600 = exposed to CLP, net excretion rose to a peak at 72h
E (429.4+71.umol Nkg1h-1). After 96 h of exposure to
Tt L 400 the pollutants, ammonia excretion had declined but was
E still more than threefold greater than that of control fish
L 200 @ (320.0+£33.81mol N kg1h-1, P>0.001; Fig. 3).
- 6004 = The increase in plasma@ignn] from the dorsal aortae
-% 5001 Tt -0 of the six fish with catheters implanted in both the dorsal
8~ and ventral aortae followed a similar pattern during CLP
§ H"—‘ 400 1 1t exposure to that previously observed in fish with only a
go + single catheter in the dorsal aorta (Fig. 4). In these
E z 300; fish, ammonia accumulated at a rate of
5 g 200 1 7.44+0.8QumolNI-1h-1 (r2=0.96, P=0.004) in the
% =2 dorsal aorta.Tamn] in plasma from the ventral aorta was
= 100 1 some 50-8QmolI-1 greater than that from the dorsal
Z 0 aorta and remained so throughout the exposure. This
) 5 2 pa > % difference was _S|gn|f|canP€0.001). The accumulation
rate of ammonia in the plasma of the ventral aorta was
Time after addition of test water (h) 7.58+0.87umolNI-Lh1 (r2=0.96, P=0.003). In the

Fig. 3. The net rate of ammonia excretion and total plasma ammongé)rsal aorta of control trout, plasma carbon dioxide

concentration Tamn] in brown trout during 4 days of exposure to either CONCENtration remained constant  throughout the
control (pH7, no added copper) or copper and low pH (CLP; pH5 an@XPeriment at a mean of 11.1+0.3 mmél| CLP

0.08umol I-1Cu). Symbols as in Fig. 1. Values are means.etm., N=5. exposure caused no significant difference in plasma
Where vertical lines are not presesit,m. is within the limits of the symbol.  carbon dioxide concentration from either aortae (Fig. 4).
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1000+ 80 - ++
T g0 T H, ##
= 800 '% 60 1
S =
2 600 —
©
T £ 0]
400 8
: H it
8 200 62 2]
a 14 L a o
0- 12 € 07 - ; - ; ; -
0 S 24 0 24 43 72 96
10 =
g 8\’ Time after addition of test water (h)
O
35 - 6 ® Fig. 5. Plasma cortisol concentration in brown trout during either 4
g days of exposure to copper and low pH (CLP; pH5 and
. 30 1 4 £ 0.08umol I-1Cu) or after 4 days in control (pH7, no added copper)
QO o5 2 E conditions. Squares, CLP data; circle, control data. Values are means
S o + -
= 0 + S.E.M., N=5.
© 20 1
Z
QG 15 4
£ exposure levels (from 169.3+33.7 to 459.0+4(650.001,
= 101 N=6), but this was still less than two-thirds that of the
5 4 untreated, CLP exposed animals (deemonia accumulation
0 and fluy.
24 0 24 48 72 96

Ammonia infusion

After 24h of infusion, net ammonia excretion had risen
Fig. 4. Plasma total ammonia concentrati®an:, ammonia partial by fivefold to  832.1+40.fFmolNHzkgth-1 (from
pressurePnH; and carbon dioxide concentrations [£0n blood 163.2120.Q1m0INH3kg‘1h‘1; N=3, P=0.003) and plasma

taken from the dorsal (circles) and ventral (squares) aortae of brovdmmonia concentration more than doubled from 112.1+9.1 to
trout exposed to copper and low pH (CLP; pHS5 andpgg 7+12.qumoll-L,

0.08umol I-1Cu). Values are meanss.M., N=6.

Time after addition of test water (h)

Plasma cortisol levels were not significantly elevated with Discussion
respect to pre-exposure values (Fig. 5) until after 48h of Rate of oxygen consumption and cardiovascular variables
exposure to CLP, when there was a tripling of the mean level Under the conditions of the present experiment, CLP
(from 4.3+1.5 to 12.6+2.{g dI-1, P=0.008,N=5). This peaked exposure was not a ‘loading’ factor upon the metabolism of
at 72h, with values in some individuals of 20 times the prebrown trout. At any given level of activitilo, of CLP and
exposure level (mean: 57.8+1pgdIl, N=5), and remained control fish were not significantly different from each other. If

high at the end of the experiment (49.4+1igH2, N=5). it is assumed thaMo,max is achieved atUcrit, then CLP
S exposure could be considered as a significant ‘limiting’ factor
Cortisol inhibition of oxygen uptake. Th®lo,max of CLP exposed trout was less

Trout exposed to CLP but given daily injections ofthan a third that of the value in control fish and only double
metyrapone displayed no change in plasma cortisachat when at rest. However, swimming performance was
concentration during the 96h (Fig. 6). At the end of thesignificantly reduced, and while it might be argued that this
experiment, plasma cortisol concentration (7.048.8F1,  was a consequence of an inability of CLP exposed fish to raise
N=5) was no different from that of trout kept under controloxygen uptake to meet demand, if demand had not increased
conditions (see Beaumont et al., 2000a). However, both plasnfize. swimming ability was limited by some other factor) then
[Tamn] and ammonia efflux were elevated in these animals. Né#lo, would not rise and this would not necessarily be a measure
ammonia efflux had increased to a similar level after 96 h asf maximum capacity. Indeed, the men, of CLP exposed
that observed in CLP exposed trout with no metyrapon&out at Ucit was no different from that of control fish
injections (290.2+50.Amol NHzkg1h-1 with metyrapone swimming at the same speed. Cardiac output and heart rates
and 320.0+33.AmolNHzkg1h-1 without metyrapone). were also similar between the two exposure groups when
However, the peak in ammonia excretion at 72h was absecbmparisons are made for each speed. In fact, CLP exposed
from metyrapone treated fish. Plasma]] in the metyrapone trout may elevate their rate of oxygen consumption above that
treated fish rose during exposure to almost 3.5 times its prereasured during ‘voluntary’ swim tests when stressed further
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by handling and ‘tail-chasing’ (M. W. Beaumont, unpublishedthe first 24h of exposure, continued throughout the
observations). This suggests that there were no inefficienciexperiment and did so even in the absence of a change in
in oxygen transfer across the gills of CLP exposed trout beinglasma cortisol concentration (Fig. 6). After 48 h, there is an
compensated for by changes elsewhere in the oxygen transpacceleration in ammonia accumulation associated with an

system (cf. Beaumont et al., 1995a, 2000a). increase in plasma cortisol levels. This latter phase was
_ _ _ absent when cortisol production was inhibited. If the bulk of
Ammonia accumulation and excretion ammonia is excreted across the gills by passive diffusion of

Exposure to CLP caused ammonia to accumulate in trolNHs, then its rate of excretioMnn, can be described by
and, since ammonia excretion in these fish is greater than thétk’'s equation in terms of diffusive conductance and the
of trout in control conditions, it is also apparent that this idifference in partial pressure:
in some part a consequence of an increase in ammonia : _
production. From the current study, it is clear that there are MNH; = GNHAPNH; , (3)
two phases in the accumulation of ammonia in CLP exposeahere isGnn; the branchial diffusive conductance for BH
trout. There is a steady accumulation, which started withiand APnH; the difference in partial pressure of plbetween

blood and water.

1000 4 Tt ## It is worth noting that the delayed increase in plasma
- cortisol in the CLP fish is probably related to the fact that
they were kept in soft water. Brown et al. (1989) reported
that exposure of brown trout to acid (pH4.0-4.6)
conditions in water with a high concentration
(2.8 mmoltl) of calcium caused a significant increase in
plasma cortisol concentration within 2 days, which
returned to the baseline level within 7 days. However, the
opposite occurred in fish kept in acid water with a low
concentration (0.05mmotY) of calcium; there was no
0. r 1000 change in plasma cortisol concentration within 2 days, but
there was a large, 20-fold, increase within 7 days. Brown
et al. (1989) discuss the possible reasons for the
difference.

800 1

600 1

Plasmd Tomnd (umal 171)

‘ - 800

Tt - 600
Control conditions

Over the 96h exposure perio@GnH, of trout in
control conditions declined from 37.9+4.9 to
16.4+5.4umol N kg~ th-ImPal. This occurred due to a
fall in MnH, without a corresponding change APnH;

-0 (from 4.6+0.78 to 6.2+0.86mPa). Fish were unfed
++ TT.## during these experiments and there was probably an
associated decline in ammonia production, which would
account for the fall in excretion (Brett and Zala, 1975).
40 1 Conductance of NE depends upon available surface
area and epithelial thickness as well as the permeability
tt of the gill to ammonia. At rest, some 40% of the gill
lamellae may be redundant (Booth, 1979). In addition to
X a lower effective surface area, blood flow may be
o . : . . , . distributed to the basal channels of the lamellae (Farrell
-24 0 24 48 72 96 et al., 1980), which tend to be buried in filamental tissue.
Time after addition of test water (h) During activity, there is not only an increase in effective
surface area of the gills, but their epithelium may also
Fig. 6. Combined graphs showing patterns of plasma ammonige stretched to accommodate the increased thickness of
concentration Tamn], @ammonia flux and cortisol concentration in control the vascular sheet, thus causing a narrowing of the
(PH7, no added coppeN=5), CLP-exposed (pH5 and 0ol ='Cu, diffusion distance between blood and water (Farrell et

N=5) and metyrapone-treated CLP-expo¢da) trout. Values are means L . .
+ s.e.m. Where vertical lines are not presentm. is within the limits of al., 1980). As activity declines, therefore, a decrease in

the symbol. Circles, control data; squares, CLP data; triangleEf€Ctive surface area and an increase in epithelial
metyrapone-treated CLP data; filled diamonds, acute ammonia infusio#;""(:kness might lead to a decreaseGigH,, accounting
small cross, control data from Beaumont et al. (2000); large cross, CLfor a lower rate of excretion in the absence of a change
data from Beaumont et al. (2000). in APNHz.

Tt
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1400- 8§ Table 2.Comparison of branchial ammonia excretion rate
5 calculated from Equation 4 to the measured net excretion rate
B 12004 from fish prior to (-0.5 h) and after 96 h exposure to CLP
& 1000/ conditions
e
o ) "
8T Time after addition
E —é 8001 of test water (h)
£3 600, 05 9%
o < :
£ 3 4004 MeasuredVinm; 137.2+16.4 342.1+21.8
= 200. (umol N kg-1h-1)
< ol ATammg., (umol I-2) 69.8+12.8 82.8+16.7
24 0 24 48 72 96 Cardiac output 345 45.8
imLkg-L
Time after exposure to test water (h) (mimin~ .kg— )
Fig. 7. Observed (open symbols) and predicted (filled symbols) ne CaICUIated\ANT3_1 144.2x24.7 221.6:51%
: - 4 (umolNkgth™)
ammonia excretion rates in brown trout exposed to copper and lo )
pH (CLP; pH5 and 0.08moll-1Cu) alone (squares) or with CalculatedVins/ 0.95+0.1 0.66+0.1

metyrapone treatment as well (triangles). Predictions are made usi MeasuredVINH;

the Fick equation NINHs=GNHaAPNHs), measured difference in

partial pressure of ammoniaARnH;) and values of branchial CLP conditions: pH5, 0.08mol I-1 copper.

diffusive conductanceGun;) calculated from the data from control ~ Mean value for cardiac output was the Routine value in Table 1.
trout. § indicates a significant difference between observed an S indicates a significant difference between observed and egpecte
expected ¥2 test, P=0.05, N=5 for all data points, except CLP values ?test, d.f.=4P=0.05,N=6).

predicted and observed at 48 h, wherd).

CLP exposure with cortisol inhibition in non-branchial ammonia excretion, which increases from
After 96 h, GnH, Of trout treated with metyrapone and approximately 5% to 30% of the total excretion rate. This
exposed to CLP was 15.4+21810Il N kgth-mPa?, half that includes not only urinary and transcutaneous fractions, but also
of the pre-exposure value of 31.4+fAolN kgth-tmPal metabolic production of ammonia by the gill, which may
This is similar to the change that occurred in control troutaccount for some 5-8% of net ammonia excretion (Cameron
Unlike the situation in control troutAPnH; rose in the and Heisler, 1983). It is possible that this fraction increased
CLP/metyrapone fish (from 6.2+£1.24 to 19.0+0.49 mPa), butlue to CLP-induced gill proteolysis and the subsequent repair
was not matched by a proportional increaséin,. Since  of such damage. Otherwise, the increase may have been due to
oxygen consumption was unchanged by 96h exposure #m increase in renal ammonia excretion similar to that shown
CLP/metyrapone, one might speculate that perfusion of the gilb occur in the case of prolonged acidosis (McDonald and

follows the same pattern as that of control trout. The observafood, 1981; Cameron and Kormanik, 1982).
excretion rates are indeed similar to those predicted by the FickOn the basis of this change in the route of ammonia
equation using the appropriate daily m&ag, from control  excretion, GnH; Oof CLP exposed trout at 96h was 7.6+

trout (Fig. 7). 1.3umol Nkglh-ImPal, less than a quarter of the pre-
. . . exposure value and considerably lower than that of control fish.
CLP exposure with cortisol production In trout exposed to CLP alone, observed excretion rates were

In trout exposed to CLP alone, the difference between theonsiderably lower than those predicted from the Fick equation
magnitude of the rise inAPnH; (from 5.3£0.62 to using the appropriate daily med&nH; from control trout
32.7£5.29mPa) and of the increase in ammonia excretion wékig. 7). Both copper and low pH exposures can induce gill
larger still. GnHg fell by a third from 34.1+5.6 to 10.9+ damage (e.g. hyperplasia, increased mucus secretion, epithelial
1.9umolNkgth-ImPal. Moreover, since data for cardiac thickening and vacuolation), which could result in greater
output and the difference in arterio — mixed vendus{] are  diffusion distances and hence a decre&ag,. However, the
available for trout exposed to this treatment, it is possible ttevels of copper and low pH used in the present study have
use the Fick principle of convection to calculate the rate gproduced no evidence of such damage in previous
branchial ammonia excretion (Table 2): investigations (Taylor et al., 1996). It also seems unlikely that

Mt = Vo X ATarr @) NH3_di_ffusion would be affected in this manner in the absence
NHz = Vb ammy-a)» of similar effects upon the exchanges of oxygen and carbon

whereW is the cardiac output amilammy_ the difference in  dioxide (Figs 2 and 4).
total ammonia content between pre- and post branchial blood. The infusion experiments demonstrate that trout, unexposed

Table 2 shows that approximately 50% of the increase ito pollutants, have the capacity to elevate the net rate of
ammonia excretion in CLP exposed trout is due to an increasenmonia excretion by at least fivefold in response to an
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