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Summary

Adult trout Oncorhynchus mykissfitted with a dorsal
aortic catheter were exposed to 288+1finolll (mean +
sE.M.) total ammonia for 24h in water at a pH of
8.39+0.02, while swimming at a speed equivalent to
0.75bodylengthsst  (BLs™?) in a Brett-type tunnel
respirometer. The fish were then exposed to stepwise
increments in swimming speed (0.2BLs™ every 30min)
until exhaustion. Measurements of oxygen uptakeMo,)
and plasma total ammonia levels and pH were made at each
speed. Control trout were treated identically but without
exposure to ammonia. Ammonia exposure caused an
increase in plasma total ammonia level to 436+3#4noll1,
compared to 183+3@moll~1in control animals (N=6). A
significant reduction in total plasma ammonia level was
found in both groups during exercise, despite a large
negative concentration gradient in those exposed to an

1.61+0.1BLs? from 2.23+0.15BL s® in control animals.

Ammonia-exposed trout had a significantly higher
maintenance metabolic rate (MMR) than control fish, when
estimated as they-intercept of the relationship between
swimming speed andMo,. Active metabolic rate (AMR,

maximum Mo, as measured atJerit) was significantly lower

in ammonia-exposed animals, leading to a profound
reduction in factorial aerobic scope (AMR/MMR). Reduced
Ucit was also linked to a reduction in maximum tailbeat
frequency. Calculation of membrane potentialsEwm) in the

white muscle of fish swum toUcrit revealed a significant
partial depolarisation of white muscle in ammonia-exposed
fish. This may have prevented white muscle recruitment
and contributed to the reduced maximum tailbeat
frequency and overall impairment of swimming

performance in the ammonia-exposed fish.

elevated concentration of ammonia in water, which may
indicate an active excretory process. The overall increase in
plasma ammonia levels in exposed trout was associated with
a significant reduction in critical swimming speed {crit) to

Key words: ammonia, exercise, aerobic scope, metabolic rate,
membrane potential, critical swimming speed, rainbow trout,
Oncorhynchus mykiss

Introduction

Ammonia is a widespread toxicant that enters the aquatic Ammonia accumulation has been linked to muscle fatigue
environment from both point and non-point sources. The majgMutch and Bannister, 1993) and has been suggested as a cause
point sources are sewage treatment plants whereas non-paifitreduced swimming performance in trout (Ye and Randall,
sources can include fertiliser and urban storm runoff (API1989; Randall and Brauner, 1991; Beaumont et al., 1995b).
1981). In aqueous solution, ammonia exists as two specieAn accumulation of ammonia in the plasma has also been
unionised ammonia gas (NHand the ammonium ion (N#). implicated in the reduced maximum sustainable (critical)
Here, the term ammonia refers to total ammonia, the sum sfvimming speedUcrit; Brett, 1964) measured in brown trout
NH3z and NHi*. Ammonia gas can diffuse into fish across the(Salmo truttd exposed to low water pH, or to low pH and
gills, and water NH concentration therefore determines thecopper together (Butler et al., 1992; Beaumont et al., 1995a).
potential for toxicity. The threshold aquatic concentration folOn exposure of brown trout to sublethal copper concentrations
toxicity has been established as pa®lI~ total ammonia at pH 5, the extent of the impairment i was correlated
at pH 6.5 and 1j@molll at pH 9.0 (US Environmental with ammonia levels in the plasma, but did not appear to be
Protection Agency, 1998). Within the fish, however, thelinked to problems with ®@uptake or transport (Beaumont et
primary form of total body ammonia is MHat physiological al., 1995b). Copper is a toxic element which primarily targets
pH (7.0-8.0), and it is this form of ammonia that has a numbehe gills (Lauren and McDonald, 1985), causing problems such
of toxic effects (Hillaby and Randall, 1979; Beaumont et al.as ionoregulatory disturbances (Stagg and Shuttleworth,
2000a). 1982a; Lauren and McDonald, 1985; Wilson and Taylor, 1993)
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and gill damage (Wilson and Taylor, 1993; Sola et al., 1995gllowed to recover in Plexiglas chambers with a constant flow
Both may contribute to the accumulation of ammonia byof aerated water.
inhibiting its efflux over the gills.

Beaumont et al. (Beaumont et al., 2000a) identified two Ammonia exposure
main reasons why an accumulation of ammonia in the body Following 24h recovery from surgery, the trout were
may cause a reduction in swimming performance of coppeexposed in their Plexiglas chambers to water containing
and acid-exposed fish. They suggested that an alter@$8+15umoll~1(mean 1s.E.m.) total ammonia as NATI. This
metabolic status within the fish, arising from the effects otoncentration was achieved by delivering a known volume of
increased N levels on a number of metabolic pathways,a concentrated solution of NBI with a peristaltic pump, to
may lead to premature muscle fatigue and, hence, a reductianknown flow of water from a header tank. The resulting
in swimming performance. Also, Beaumont et al. (Beaumontoncentration of ammonia in the water was monitored
et al., 2000b) measured the resting membrane potential obntinuously every 15min by sampling the respirometer
white muscle and revealed a significant partial depolarisatiomutflow with an automated ion-analyser for total ammonia
This was consistent with a predicted depolarisation, based ¢Applikon ADI 2013). The ammonia concentration was
the measured distribution of ammonia between intracellulaapproximately 50 % of the 96 h LC50 for ammonia of rainbow
and extracellular compartments, and was suggested to be dueut with a mass of 0.5¢ in the well water at La Casella, and
to the displacement of Kby NHs". below the concentration required to cause any mortality at 96 h

The present study sought to establish a causal relationshépposure in those fish (S. Ceradini and D. J. McKenzie,
between ammonia levels and reduced swimming performanesmpublished observations). It was found in preliminary studies
in trout by testing whether increased plasma ammonia levetse generate plasma total ammonia concentrations within the
alone reduce swimming performance. Trout were exposed tange measured in studies by Beaumont et al. (Beaumont et al.,
high external ammonia concentrations in hard water at alkaline995; Beaumont et al., 2000a; Beaumont et al., 2000b). It can,
pH, thus eliminating any toxic effects associated with coppetherefore, be considered a sublethal exposure for the animals
or acid in soft water. Swimming respirometry was used tased in the present study. The concentration of gaseogs NH
obtain estimates of maintenance metabolic rate (MMR) anih the water was 20#1moll|~1 at the prevailing pH of 8.39,
active metabolic rate (AMR) (Brett, 1964; Fry, 1971; Beamish¢alculated using the Henderson—Hasselbalch equation and a
1978) to reveal metabolic costs and effects on aerobic scop&ammof 9.52 at 16 °C (Boultilier et al., 1984).
that were associated with ammonia exposure.

Swimming respirometry

Experiments were performed with a Brett-type swim-tunnel

respirometer (Brett, 1964) constructed in PVC (polyvinyl
Experimental animals chloride). A circulating flow of water was generated in the

20 rainbow trout ©@ncorhynchus mykissvith masses and tunnel (total volume 491) by an acrylic propeller attached to a
body lengths ranging from 385-788g and 31-36cmyariable-speed d.c. motor. Trout were exercised downstream
respectively, were obtained from a commercial supplier andf the propeller in a swimming chamber with a square 225cm
maintained for 2 weeks prior to experimentation at La Caselleross-sectional area. Vanes positioned between the propeller
Fluvial Hydrobiology Station (Via Argine del Ballottino, and swimming chamber ensured non-turbulent water flow and
29010 Sarmato [PC], Italy). They were held in &4ibreglass  uniform water velocity across the entire section of the
tank (water volume approximately 10001) provided withswimming chamber (Steffensen et al., 1984).
biofiltered well water at a temperature of 16+0.1 °C. The water A small fraction of the water from the sealed respirometer was
had the following ionic composition (inmmol): Ca&* 2.3,  siphoned past an oxygen electrode (Radiometer E5041; accurate
Mg?2* 0.6, Na 2.3, CI 0.7, K* 0.9, titratable alkalinity to pH to +1.5% full scale) in a cuvette thermostatted t6CL6vith a
4 = 13.5mmoltl, total hardness 240mgflas CaC@, pH  water bath (Lauda). Care was taken to ensure that flow of water
8.39+0.02. Animals were fed commercial trout feedibitum  past the electrode did not decline or vary during the experiments.
during the 2-week acclimation period but were starved for aAn oxygen meter (Strathkelvin Instruments) displayed the partial
least 4 days before use in experiments, to avoid any potentiallyessure of oxygen in the respirometer wavd,), with the
confounding effects of feeding on plasma ammonia levelsignals recorded by a computer and LabVIEW software (National
(Brett and Zala, 1975) or on respiratory metabolism andnstruments), via an interface board (National Instruments CB
swimming performance (Alsop and Wood, 1997). 68LP). Information on changes Pwo, over time during the

Fish were anaesthetised in 0.I%glkricaine methane period of closed-cycle circulation were stored as text files, and
sulfonate (MS-222) buffered with 0.2gINaHCQ, then then linear regressions between time Bna, were calculated
transferred to an operating table where their gills were irrigatedsing a spreadsheet program (Excel). The resulting slopes were
with anaesthetic solution containing 0.075'gIMS-222  used to quantify the rate of oxygen consumption, with appropriate
buffered with 0.15g# NaHCQ:. A chronic indwelling values for fish mass, respirometer water volume arsblDbility
catheter was implanted in the dorsal aorta according to thoutilier et al., 1984) in water at the experimental temperature.
method of Sovio et al. (Sovio et al., 1972). The fish werénly slopes with @2>0.9 were used in the calculations.

Materials and methods
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The respirometer chamber was immersed in a large tank af 16 °C from the nomogram provided in Boutilier et al.
aerated water. When tHewo, in the respirometer chamber (Boutilier et al., 1984).
declined below 90 % saturation (due to oxygen uptake by the At fatigue, fish were rapidly removed from the respirometer
swimming fish), the LabVIEW software activated a flushingand killed by a blow to the head. Tissue samples were taken from
pump, which flushed aerated water from the outer tank throughe liver, gills and white muscle and ‘freeze-clamped’ using
the respirometer chamber, bringing the/o, back to 95%  aluminium tongs pre-cooled in liquid nitrogen. All tissue samples
saturation, at which point the pump switched off andwere freeze-clamped within 40s of kiling the fish. Tissue
measurement of oxygen consumption resumed. ammonia concentration was measured using the glutamate
Individual trout were transferred rapidly from their Plexiglasdehydrogenase method (Kun and Kearney, 1974). Tissue
chambers to the respirometer, which received a flow of thimtracellular pH (ph) was determined using the metabolic
water containing 28@mol =1 NH4Cl, and were left overnight inhibition method (Portner et al., 1990) and using the Cameron
swimming spontaneously at a current velocity equal tdGMZ200 blood gas system at 16 °C. The samples were stored in
0.75BLs™. The following day, when the fish had been exposediquid nitrogen for a maximum of 2 weeks prior to analysis.
for a total of 24 h to the elevated water ammonia concentration, The control group was treated identically to the ammonia-
the fish were subjected to progressive increments in swimmirgxposed group but without exposure to elevated water
speed of 0.2BLs™® every 30 min until fatigue (Brett, 1964). ammonia levels.
Measurements d¥lo, were collected at each swimming speed,
for the last 15min of each increment. Fish were considered to Statistical analysis
be fatigued when they were unable to remove themselves fromTo describe the relationships between swimming
the posterior screen of the swimming chamber despite genteerformance and rate of oxygen uptake during the exercise
encouragement. Maximum sustainable (critical) swimmingprotocol, linear, exponential or power functions were applied
speed (crit) was calculated as described by Brett (Brett, 1964)and the function with the highest correlation coefficient was
For each fish, a least-squares exponential regression waentified. For any given measurement interval during the
applied to the relationship between swimming speed anelxercise protocol, variables were compared between the
oxygen uptake, to reveal the theoretical rate pluftake of  control and ammonia-exposed groups usimgest. All single
the stationary fish as thyeintercept of the regression equation variables (e.gUcrit) were also compared between the two
(Brett, 1964). In starved fish, this value is considered to be groups using d-test. The level of significance was taken as
valid estimate of maintenance metabolic rate (MMR), alsd?<0.05.
described as standard metabolic rate (Brett, 1964; Fry, 1971).
Active metabolic rate (AMR) was determined for the fish as
the maximunMo, measured during exercise (Fry, 1971). Each Results
fish’'s AMR was divided by its MMR to estimate aerobic scope The ammonia-exposed group had mass and body lengths of
(Fry, 1971). The value of MMR was subtracted fromthg  559+33 g and 33.8+0.8 cm, respectively (measg#., N=6).
at each swimming speed to reveal the trout's net cost dafhose of the control group were 534+669g and 33.9+0.8cm,
swimming (Beamish, 1978). Mean rates of total ptake respectively (means &E.m., N=6). There was no significant
were also calculated at each speed to compare between thiference in mass or length between the two groups.
experimental and control groups. Single measuremet®of
were excluded from charts, and also calculations of MMR and Plasma and tissue pH and ammonia
AMR for individual fish if (1) the fish would not swim Plasma ammonia was significantly elevated in trout exposed
correctly at low swimming speeds or (2) ty, reading for 24 h to ammonia while swimming at 0.8bs™ (Table 1).
became unstablé/o, readings were not taken for all fish at During exercise, the total ammonia content of the plasma
higher swimming speeds as they were unable to maintain
steady swimming for a sufficient period of time. Counts of
tailbeat frequency were made at each Speed and used as Table 1.Plasma ammonia levels and pH in rainbow trout

index of propulsive muscular power in the two groups. after swimming at 0.7BL s overnight in water with or
Blood samples (350)) were collected at each swimming without added ammonia

speed and immediately following fatigue. Whole blood pH was Control Ammonia

measured with a capillary el'eptrode (Radiometer BMS3 BloooTotal plasma ammonigfnol 1) 182.8429.8  435.9+33.9*

Gas Analyser) linked to a digital meter (Radiometer PHM 74)p|35ma [NH] (umol 1Y) 27+0.6 7 0+0.5*

Plasma was separated by centrifugation at #8003 min and  pjgsma [NH*] (umol 1) 180.2429.3  428.8+33.6*

samples were frozen and stored in liquid nitrogen for ipjasma pH 7.80+0.05 7.87+0.03

maximum of 2 weeks prior to thawing and analysis of

ammonia with an analytical kit (Sigma ammonia 171). Plasm Trout were exposed to water with no ammonia (Control), dn wit
NH3 concentration was calculated from the values of tota288umoll™ total ammonia (Ammonia) for 24 h.

ammonia and plasma pH using the Henderson—Hasselba Values are meansse.m.,N=6 in all cases.

equation and a pKmmvalue of 9.62 estimated for trout plasma *Significant difference from the control grougptést,P<0.05).




2694 A. SHINGLES AND OTHERS

700 6007 A
S ¥
£ 5004
P 600+ g .
= S 4001
o
500+ S
\% % 300+
I
T 4001 £ 200
% g 100
ot §
@ 300+ s
a ° 0- T r
S 2001 7.95-
5 B
O
= 1004 7.90- "
0 £ 7851
0.5 1 15 2 25 g 7.80+ t
Swimming speedBL s1 <
g speeddL sY) LI
Fig. 1. Plasma total ammonia content at incremental swimmin 2
speeds in individual rainbow trout exposed either to 288171 107
total ammonia for 24h (open symbols) or to water with no addes 7654

ammonia (filled symbols). Each symbol represents a different fish.
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Table 2.Tissue total ammonia content and intracellular pH in S 1 *
rainbow trout swum t&Jcrit following exposure to water with £ 6
or without added ammonia — ]
Control Ammonia % 4
T
Ammonia Ammonia (S
(2]
content content ke 2
Tissue imol g1) pHi (umol g pHi
, 0- . ;
Qllls 1.51+0.39 6.99+0.01 2.37+0.11* 6.94+0.03 0.75BLs! Lowest Uerit
Liver 2.31+0.34 6.80+0.05 3.67+0.24* 6.76+0.04

White muscle 1.75+0.36 6.71+0.04 1.95+0.24 6.68+0.08 Fig. 2. Plasma total ammonia content (A), plasma pH (B) and plasma
[NH3] (C) in rainbow trout exposed either to 2880l total
Trout were exposed to water with no added ammonia (Control), @mmonia for 24h (open bars) or to water with no added ammonia

with 288umol I71 total ammonia (Ammonia) for 24 h. (filled bars). Values (mean ge.m., N=6) are shown for fish swum
pHi, intracellular pH. for 24h at 0.7BLsL, at the swimming speed showing the lowest
Values are meanss£.M., N=6 in all cases. concentration of ammonia for each fish, andJaf:. *Significant
*Significant difference from the control grouptést,P<0.05). difference from the 0.7BLs™ overnight value ttest, P<0.05);
fsignificant difference from the lowest plasma ammonia value
(P<0.05).

decreased significantly in the majority of these fish a

swimming speeds exceeding 0B15s™1 (Fig. 1). Plasma pH increases in swimming speed elicited an exponential increase

was not affected significantly by ammonia exposure (Table 1) Mo, by the trout from both control and ammonia-exposed

but was found to decrease significantly following exercise tgroups but there were marked differenceMi, between the

Ucrit in both groups (Fig. 2B). groups. Ammonia-exposed fish showed a higiler, at all
Following exercise to exhaustion, the trout exposed tewimming speeds up to BL s, although this difference was

ammonia had significantly higher total ammonia content imot significant (Fig. 3). Calculation of MMR revealed it to be

their liver and the gills than the control fish did, but this wassignificantly higher in the ammonia-exposed trout than in the

not true of white muscle (Table 2). Tissue iphas not control trout (Table 3). However, AMR (active metabolic rate)

significantly different between ammonia-exposed fish andmaximumMo, at Uerit) was significantly lower in ammonia-

controls for any of the tissues sampled (Table 2). exposed trout than in the control group, due to the ldvgr
o . such that there was a significant reduction in factorial aerobic
Swimming respirometry scope (Table 3). The net cost of swimming K&s,) was not

Ammonia-exposed trout showed a significant (28%)significantly different between the treatments (data not shown).
reduction inUcrit compared to control trout (Table 3). Stepwise Both groups exhibited linear relationships between tailbeat
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Table 3.Values for selected exercise-related metabolic, 30
respiratory and performance variables in rainbow trout swum
to Uerit following exposure to water with or without added 25-
ammonia —~
F'|
Control Ammonia E 201
MMR (mmol Oz kg™t h™1) 3.04+0.86  5.65+0.59* E 15
AMR (mmol Oy kg1 h™1) 19.39+1.68 13.63+1.42* o
Aerobic scope (AMR/MMR) 6.38+2.58  2.41+0.61* % 10.
Maximum tailbeat frequency (beatdys 3.77+0.04  3.47+0.12* 2
Ucrit (BLs™) 2.23+0.15 1.61+0.17* @) 5
Trout were exposed to water with no added ammonia (Control), ¢
with 288umol I-1 total ammonia (Ammonia) for 24 h. OO 5 1 1'5 2 2'5 3
MMR, maintenance metabolic rate; AMR, active metabolic rate a ' o '
maximum measuredMo,; Ucrit, maximum sustainable swimming Swimming speedgL s*)
speed.

Fig. 3. The relationship between swimming speed apndp@ake in
rainbow trout exposed either to 28®0l1-1 total ammonia for 24 h
(circles) or to water with no added ammonia (control) (squares). For
the elevated ammonia group, the broken line describes the
frequency and swimming speed that were statisticallexponential  relationship y=5.43388°2% (r?=0.6759, N=24
indistinguishable, such that frequencies did not differ betweeobservations on 6 fish)._ For the control group, the solid line describes
the groups at any given speed (data not showrthe  exponential r_elatlonshlwzz.9687@-7999< (r?=0.604, N=35
y=0.8806&+1.6272,r=0.5809). However, the control fish had observations on 6 fish).
a higher maximum tailbeat frequency by virtue of achieving
higherUcrit (Table 3). cause an increase in metabolic rate (Morgan and lwama, 1996).
An increase in active ammonia excretion (against a
concentration gradient) may have caused an increase in the
Discussion metabolic rate required for homeostasis. Wilson et al. (Wilson
The critical swimming speed achieved by the controkt al., 1994b) found that exposure to low pH raised MMR and
rainbow trout in the present study was comparable to that eéducedUcrit in rainbow trout, and suggested that this was a
control brown trout of a similar length measured in previousonsequence of increased metabolic costs for ionoregulation.
studies (Beaumont et al., 1995b). Ammonia exposure hathe evidence for active ammonia excretion in the present study
marked effects on the aerobic metabolism of the trout that weig, however, only circumstantial (see below) and it is unlikely
associated with a significant reduction Ulgrit. Brett (Brett, that it would have accounted for the measured increase in
1958) suggested that environmental stresses can interfere wNMtMR, because recent theoretical and experimental studies
aerobic metabolism as ‘loading’ factors, which increase MMRndicate that the metabolic costs of active ion exchange in
and thereby reduce the proportion of total energy available fdreshwater teleosts are very low (Kirschner, 1995; Morgan and
muscular work, and as ‘limiting’ factors, which limit the Iwama, 1999).
capacity to increase metabolic rate and/or perform muscular Exposure to copper and acid has also been found to cause
work, thus reducing AMR. The measurements of respiratorgn increase in MMR (Waiwood and Beamish, 1978; Beaumont
metabolism and tailbeat frequency during swimming implyet al., 1995b), and Beaumont et al. (Beaumont et al., 2000a)
that exposure to sublethal ammonia for 24h caused bottetected increased costs associated with maintaining
loading and limiting effects on metabolism in rainbow trout,concentrations of ATP in white muscle of brown trout exposed
leading to a profound decline in factorial aerobic scope antb copper and acid, through reduced concentrations of
performance. phosphocreatine. Although red muscle was not sampled in the
In salmonids, MMR has been shown to increase followingresent study, Beaumont et al. (Beaumont et al., 2000a) found
sub-lethal exposure to a number of toxicants such as low pelvidence of disruption to aerobic metabolism in red muscle,
(Wilson et al., 1994), copper at low pH (Waiwood andsuggested to be due to the effect ofsNldn the first step of
Beamish, 1978; Beaumont et al., 1995a), and also followinthe tricarboxylic acid (TCA) cycle (oxidative decarboxylation
acclimation to non-optimal salinities (Morgan and lwama,of pyruvate to acetyl CoA) and the pyruvate dehydrogenase
1991). This increased MMR may be a consequence of (1) @mplex, which may also be inhibited by ammonia (Katunuma
stress response, (2) an increase in active mechanisms, or €8)l., 1966). Thus, a raised MMR may reflect costs associated
altered metabolic status of the tissue. A stress response maith impaired efficiency of aerobic and anaerobic metabolism,
lead to raised MMR in fish (Wendelaar Bonga, 1997). Imresulting from the effects of Nl on metabolic pathways. It
salmonids, ammonia exposure leads to release of cortisshould be noted, however, that Beaumont et al. (Beaumont et
(Knoph and Olsen, 1994), and increased plasma cortisol leveds, 1995b; Beaumont et al., 2000a; Beaumont et al., 2000b)

Values are means&t.M., N=6 in all cases.
*Significant difference from the control grougptést,P<0.05).
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did not attribute the reduced swimming performance of browifmean +s.em., N=6) in control fish and —52.2+4.9mV in
trout exposed to copper and acid to a loading factor but, rathempper- and acid-exposed fish. In the present study, calculation
to various effects of ammonia on the metabolic status aff Em from the observed distribution of NHbetween plasma
muscle cells (see below). and white muscle revealed that white musclé&Jat had a

The reduced AMR (limiting factor) in the ammonia-exposedmembrane potential of —-60.3+6.79mV and —34.9£2.77 mV in
trout may have been a consequence of gill damage, hinderiegntrol and ammonia-exposed fish, respectively, which differ
gas exchange by affecting the blood—water diffusion distancggnificantly £=0.003). This indicates that white muscle was
and surface area available for oxygen uptake, as ammoniagmgnificantly depolarised by exposure to elevated ammonia
known to cause gill damage at lethal concentrations (Smaitgvels. It must be noted, however, tia was calculated for
1976; Hillaby and Randall, 1979). Although this effectmuscle from fish that had been swumUgit, not for resting
cannot be ruled out in the present study, water ammoniish. When the muscle is exercising, ammonia is probably
concentrations were sublethal and hence are unlikely to habeing produced endogenously within the muscle cells through
caused significant gill damage. The effects of ammonia on thtee purine nucleotide cycle (Mommsen and Hochachka, 1988),
metabolic status of the muscle may not only have increasethd fluxing into the plasma. This puts limitations on the use of
MMR, but might also limit AMR, in particular if ammonia the Nernst equation to calculdig, as the equation assumes
disrupts aerobic metabolism, as described above. a state of equilibrium. Thus, calculations of white mu&gle

Beaumont et al. (Beaumont et al., 2000a; Beaumont et atan only be approximations but, nevertheless, the magnitude
2000b) provided evidence that ammonia limited performancef the difference inEm between treatments (25.43mV)
through the effects of N on the metabolic and suggests that exposure to ammonia does cause muscle
electrophysiological status of muscle, as/NEfn displace K depolarisation. As th&w values were obtained &lerit they
in ion exchange mechanisms (Towle and Holleland, 1987)were relatively depolarised compared with values obtained by
Beaumont et al. (Beaumont et al., 2000a) used various meaBsaumont et al. (Beaumont et al., 2000a) on white muscle of
to demonstrate a partial depolarisation of the red and whiteesting fish. This is probably due to increased flux dfrkm
muscles in hyperammonemic trout. Membrane poteria),(  the intracellular space of contracting muscle during activity,
as predicted by the distribution of ammonia betweemwhich may decrease the membrane potential to half its resting
intracellular and extracellular compartments, may bevalue (Sjogaard, 1991). Depolarisation may also arise from

calculated by the Nernst equation: acidification of the tissue during exercise, increasing
intracellular [H] and causing th&m to become progressively
I gﬂ%ln ENHH]% 1 more positive. It would have been interesting to have measured
M= CZFO ONH4lel @) Ewm of white muscle in resting fish, enabling direct comparisons

to be made withEm data found by other authors. Jenerick

whereR is the gas constarif,the temperature in Kelvin, F the (Jenerick, 1956) reported a complete loss of electrical
Faraday constang the valency and the subscripts i and eexcitability once a membrane became depolarised to between
denote the intracellular and extracellular concentrations;55 and —45mV. Thus, tHev calculated here in the present
respectively. The use of intracellular and extracellulastudy suggests a white muscle depolarisation in ammonia-
ammonia concentrations to calculaig is based on the exposed fish that would be sufficient to cause little or no
assumptions that the membrane permeability tos NH electrical excitability.
relatively high in comparison with NF, and that these Day and Butler (Day and Butler, 1996) found impaired
relative permeabilities are unaltered by exposure to ammoniawimming performance in brown trout exposed to sublethal
There is some debate surrounding the validity of thespH, and the fish showed an accumulation of ammonia in the
assumptions and it may be possible that the relativplasma and tissue. Electromyographic recordings showed that
permeabilities change under some circumstances, such that tieeruitment of white muscle during swimming did not occur in
pH gradient across the membrane dictates the ammonsaich trout. In the present study, tailbeat frequencies were
distribution at rest, while the muscle membrane potential is the&imilar between ammonia-exposed and control trout when
dominant effect following exercise (Wang et al., 1994; Wanghese groups were swimming at a common speed. However,
et al., 1996). Beaumont et al. (Beaumont et al., 2000ahe ammonia-exposed trout were unable to achieve the same
measuredey directly in red and white muscle fibres, after maximum tailbeat frequency as the control fish. In rainbow
previously calculatingEm from the measured distribution trout, white muscle starts to provide a contribution to
of ammonia between intracellular and extracellularswimming activity when the animals are exercising at or above
compartments, and were able to confirm the predicte80% of Ucit (Taylor et al., 1995). Thus, depolarisation and
depolarisation. In the present study, a depolarisation of redexcitability of white muscle fibres in the ammonia-exposed
muscle in ammonia exposed trout may have limited thérout may have inhibited any contribution by these fibres to
capacity for aerobic muscular work and contributed to theerformance, leading to a reduced maximum tailbeat frequency
reduction in AMR. and Ugrit.

Beaumont et alBeaumont et al., 2000b) directly measured In line with this theory, it is interesting to note that control
resting white muscle membrane potential -@6.5+2.9mV  and ammonia-exposed fish had similar tissue ammonia levels
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in white muscle, regardless &fcrit reached. It appears that lowest total plasma ammonia concentration found. The
ammonia levels may accumulate in muscle tissue duringeduction in plasma ammonia concentration may be due to
exercise up to a concentration that interferes with musclimcreased active NH excretion, where it may be exchanged
function and thus, hinders the fish’'s ability to maintainfor a H" in freshwater systems, as previously suggested by
swimming at higher speeds. It is possible that ammonia#ilson and Taylor (Wilson and Taylor, 1992) working on
exposed fish reached this concentration of tissue ammonia tiainbow trout faced with high inward NHradients. It is also
white muscle sooner than control fish (and hence, had lowg@ossible that the increased excretion was not ag" Niit as
Ucrit values), due to a higher tissue ammonia concentration iINH3z into the acidic microenvironment of the gill (Wilson et
resting fish. This elevation of tissue ammonia concentration ial., 1994b). That is, it is possible that estimations of inward
a consequence of raised plasma ammonia concentratibiHs gradients were inaccurate because the calculated
compared to control fish. A higher initial concentration of tissueoncentrations of Nkwere based on the pH of the bulk water,
ammonia in ammonia-exposed fish would result in a lowenot the gill microenvironment, and on arterial rather than
scope for ammonia production during exercise. Consequentlyenous blood. There is now, however, growing evidence for
ammonia-exposed fish have a lov&sit. It would have been an element of active N#ti excretion, as well as Nd-€xcretion,
interesting to sample tissue ammonia levels in resting fish favhen fish are faced with ammonia loading (Salama et al.,
this comparison. 1999). Randall et al. (Randall et al., 1999) reported that the
It is important to consider that the nervous system may beaudskipper Periopthalmodon schlossgrcan excrete Nkt
also vulnerable to Nkt induced depolarisation. However, if against a concentration gradient. It might be speculated that a
this were the case, one might expect nerve transmission to bienilar active process in the trout was an adaptive response
affected at all levels of activity, not just at the upper range adimed at ameliorating the negative impact of increased body
activity i.e. Ucrit. Recent research conducted on brown trouammonia levels on swimming performance.
previously exposed to copper and acid and consequently In summary, the results of the present study show that
subjected to high internal ammonia concentrations (M. Wsublethal ammonia exposure reduces swimming performance
Beaumont and E. W. Taylor, unpublished observations), founith rainbow trout through multiple, probably interactive, effects
that peripheral electrical stimulation of a spinal nerve resultednd support the conclusions of Beaumont et al. (Beaumont et
in muscle contractions. Therefore, it appears that the nenad. 1995a; Beaumont et al. 1995b; Beaumont et al., 2000g;
system was functional. Beaumont et al., 2000b), who attributed the cause of reduced
There is evidence of a decline in the total ammonia contestwvimming performance in trout exposed to low pH and copper
of plasma during swimming in both control and ammoniato ammonia accumulation. Increased MMR and reduced AMR
exposed fish (Fig. 2). In particular, five out of the six ammoniacaused a profound reduction in aerobic scope. The increased
exposed fish had lowered plasma ammonia levels whilBIMR may reflect a stress response and/or effects of ammonia
swimming, while that of the remaining fish was constant untibn the metabolic status of the respiring tissues. The reduced
Ucrit (all fish showed an increase in plasma ammonidAMR may indicate impaired performance of red muscle that
concentration atJerit). The swimming speeds at which the limited maximum work and therefore oxygen uptake.
maximal decline occurred were different among the individuaAmmonia also caused depolarisation of white muscle and this
trout, presumably due to natural biological variability. may have impeded recruitment and the contribution of these
However, if the lowest plasma ammonia values were identifiefibres to swimming at the top end of the performance range.
for each fish (regardless of the swimming speed at whicAmmonia-exposed fish may increase active ammonia
they occurred) and averaged within the group, the averagscretion against a concentration gradient when swimming,
maximal decline in plasma ammonia concentration wagpossibly in an attempt to improve swimming ability.
12.64+4.0umol "1 in the ammonia-exposed animals and Whatever the explanation for the observed effect of
36.42+10.68mol "1 in the controls (Fig. 2A). In the increased plasma ammonia levels on swimming ability, the
ammonia-exposed fish, the decline in plasma ammonia wg$henomenon is important because swimming ability can be a
significant relative to the value measured at BZ§1, when  determinant of ecological fitness in fish. The effect of ammonia
compared using a pairgdest (Fig. 2A). levels may be of particular significance if it renders the fish
In the control fish, a reduction in plasma ammonia levelincapable of rapid-start burst swimming, which relies on
during aerobic exercise could be due to increased vasodilatioecruitment of white muscle. The greatest consequences of this
in the gills, increased blood flow through the gills, and armay be evident in predator avoidance or in catching prey. The
increase in the flow rate of water passing over the gills, thusublethal effects of ammonia on exercise performance should,
increasing rates of diffusive flux of ammonia. However, theherefore, be considered when establishing guidelines for the
reduction in plasma ammonia levels in the ammonia-exposdtireshold concentration for the toxic effects of this pervasive
trout appeared to occur against a diffusion gradientpollutant.
Calculation of NH concentrations revealed that ammonia-
exposed fish might have been excreting ammonia against anThis project was supported in part by a project grant from
inward NH; gradient of 12.83+0.4@moll"1 when swimming the Natural Environmental Research Council (GR3/10200)
at 0.78BLs ! overnight, and of 13.44+0.@mol "X NHz atthe and A.S. received a postgraduate studentship from The
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