The Journal of Experimental Biology 203, 2229-2236 (2000)
Printed in Great Britain © The Company of Biologists Limited 2000
JEB2760

2229

THE RESTING MEMBRANE POTENTIAL OF WHITE MUSCLE FROM BROWN
TROUT (SALMO TRUTTA) EXPOSED TO COPPER IN SOFT, ACIDIC WATER

M. W. BEAUMONT*, E. W. TAYLORAND P. J. BUTLER
School of Biosciences, The University of Birmingham, Edgbaston, Birmingham B15 2TT, UK
*e-mail: m.w.beaumont@bham.ac.uk

Accepted 25 April; published on WWW 22 June 2000

Summary

Previously, the distribution of ammonia between the
intracellular and extracellular compartments has been
used to predict a significant depolarisation of the resting
membrane potential Ev) of white muscle from brown
trout (Salmo truttg exposed to a sub-lethal combination of
copper and low pH. However, this prediction is based
upon two assumptions (i) a relatively high membrane
permeability for the ammonium ion with respect to that for

(Em=-52.2+4.9mV) and compared with that of unexposed,
control animals (Em=-86.5+2.9 mV) (means £.E.M., N=6).

In confirming the predicted depolarisation, these data
support the hypothesis of electrophysiological impairment
as a factor in the reduction in the swimming performance
of trout exposed to these pollutants. In addition, the results
of this study support the role of a significant permeability
of the muscle membrane to NH' in determining the

ammonia gas and (ii) that this is unaltered by exposure to distribution of ammonia in fish.
copper and low pH. Since there is conflicting evidence in
the literature of the validity of these assumptions, in
the present study Em was directly measured in white

muscle fibres of trout exposed to copper and low pH

Key words: copper, low pH, ammonia,
membrane potential, brown tro®almo trutta

swimming, muscle

Introduction

Brown trout Galmo trutta exposed to sub-lethal trout exposed to copper and low pH. As a preliminary
concentrations of copper and low pH, either alone or impproach to the second hypothesis, in the same study the
combination, have a reduced ability to swim (Butler et al.measured distribution of ammonia between the tissue and
1992; Beaumont et al.,, 1995a). These pollutants have thextracellular compartment was used to estimate the resting
potential to affect oxygen uptake by damaging the gill (Wilsormembrane potential of this tissue. The result indicated that, in
and Taylor, 1993a) and perhaps to affect oxygen transfer tmmparison with trout from control (pH7, no copper)
the exercising tissues through secondary effects such aenditions, the white muscle fibres of trout exposed to copper
haemoconcentration (Randall and Brauner, 1991; Butler et and low pH (pH5, 0.08moll~1 Cu2*) were depolarised by
1992). However, at the sub-lethal concentrations used in osome 20mV. Depolarised fibres may become electrically
studies, there is no evidence for such effects (Beaumont et d@hexcitable (Jenerick, 1959). In frog sartorius muscle,
1995a, 2000). Exposure to copper and/or low pH causes ammonium ions caused membrane depolarisation which led
elevation of plasma ammonia concentration (Wilson ando a reduction in the twitch tension generated (Heald, 1975).
Taylor, 1993a,b; Beaumont et al., 1995b; Day and ButlerSuch an effect could account for the absence of white muscle
1996), and there are corresponding increases in the ammomécruitment in trout exposed to sub-lethal low pH (Day and
concentration of both red and white muscles (Day and ButleButler, 1996).

1996; Beaumont et al., 2000). In trout exposed to both copper To estimate membrane potenti&ng,) in this manner, it

and low pH, there was a significant negative correlationvas assumed that the compartmentalisation of ammonia across
between critical swimming speeddit: Brett, 1964) and total the muscle membrane can be predicted by a Nernst distribution
plasma ammonia concentratiof{fn]=[NH3]+[NH4*]), with (equation 1). This, in turn, assumes that the relative
an r2 value of almost 0.70 (Beaumont et al., 1995b), and ipermeability of the muscle membrane for Nk high (for a

was hypothesised that ammonia might affect swimmingliscussion, see Wood, 1993):
performance through its role as a regulator of certair RT  [NH4'i
metabolic pathways or its effect upon neuromuscular functiol ENH,=——=1In el
(Beaumont et al., 1995b). The first of these hypotheses we ZF * [NH4"e
investigated in a recent study (Beaumont et al., 2000) thathereR is the gas constantk,is absolute temperaturi,is the
examined the metabolic status of white and red muscle frofaraday constantz is the valency and the subscripts i

)
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and e denote intracellular and extracellular concentrationsf a stock solution of CuS(to give a final concentration of
respectively. 0.08umol 1 Cu2*) and titration with HSQy to pH5 (CLP,
This assumption was supported by a measuretl=6) or of no change from the pre-exposure condition of no
intracellular/extracellular Tamn] ratio ([Tamm]i/[Tamnle) Of  copper and pH7 (controlN=6). Copper concentration was
trout in control conditions of 33.6+7.8 (mears£.m., N=6),  regularly monitored by aniodic stripping voltammetry (using
close to that predicted by a Nernstian distribution, when aa Radiometer POL150 polarograph with a hanging-drop
Em of —-85mV, typical of resting fish muscle (Hidaka and mercury electrode and Tracemaster 5 software) which, under
Toida, 1969; Stanfield, 1972; Eugéne and Barets, 198%ur conditions, had an experimental detection limit of
Altringham and Johnston, 1988), is applied. In contrastapproximately 0.0fimoll=2. In the control conditions, copper
distribution according to the theory of non-ionic diffusion concentration was always below this detection limit. After 96 h
(Jacobs, 1940; Milne et al., 1958), i.e. one determined by thef exposure, blood samples were taken from the catheter and
pH gradient across the membrane (equation 2), which is ttenalysed for plasma pH (Cameron BGM200 at 10°C) and
case for most mammalian muscle (e.g. Stabenau et al., 199%amn] (Sigma kit 171). The fish was rapidly killed by an
Meyer et al., 1980; MacLean et al.,, 1995; Bangsbo et algverdose of the anaesthetic Saffan (Alfaxalone/Alfadolone,
1996), predicted aThmndi/[ Tamme ratio of 5.3+0.5 (mean £+ Mallinckdrodt Veterinary Ltd, Uxbridge, UK) and a blow to
S.E.M., N=6). the head prior to the dissection. White muscle samples were
[Tamedi 1+ 1GPK-PH) quickly exgised from the Ieft—h.arjd side of the fish and freeze-
- - , @) clamped with pre-cooled aluminium tongs, before being stored
[Tamnle 1+ 1QPK-PHe) in liquid nitrogen for later analysis. Skin was carefully but
rapidly removed from the right-hand side of the trout, which

where pHe is extracellular pH and pHi is intracellular pH. . ? . . .
A considerable number of other authors (e.g. Wright et alvas then secured by dissection pins in a bath of ice-cold saline

1988a,b; Wright and Wood, 1988; Saha and Ratha, 1989; Taﬁ%H 7.8; composition, in mmotk NaCl, 133.5; sodium
et al., 1992) have observed a hidanfn]i/[ Tamn]e ratio in fish pyruvate, 5; KCI, 3; MgCl 2 NaHCGQ, 8.5; Nak;tP.()4,'3;
white muscle, suggesting that muscle membrane poten:ﬁacb’ 3). Mgmbrgne potentiakfy) was measured in f|bre§
plays a dominant role in the determination of the equilibriu fom a location “.JSt below and caudal to the dor_sal fin.
distribution of ammonia in fish at rest. However, in spite oil\/lgmbr_ane potential measurements were made using glass
these observations, the hypothesis that ammonia is distributEHCTOp'PEttes pulled from 1:0mm _dlameter borosilicate
mainly according to membrane potential has been challeng gpﬂlaqes (Clarke E!ectromed|cal) with an elect'rode puller
both on theoretical grounds (Heisler, 1990) and by sever ioScience). The microelectrodes were filled with 3mb||n
studies in which the observed ammonia ratio was not high (e. Cl and connected to a Neurolog headstage and preamplifier

Mommsen and Hochachka, 1988). More recently, studies ha LlOdzgé hDglzglim:?ATgTIr :cneasuredl resis;ance was betwesn
suggested a certain degree of plasticity, with the pH gradie an : g/AgCl reference electrode was connecte

having the dominant effect upon ammonia distribution at redP t?le tlssu? bath';g]e §|gnal I\_N abs Pagflﬁs/gdg ‘sofftwars d
and the effect of muscle membrane potential dominatin scllloscope on a using a Lab- Interface boar
following exercise (Wang et al., 1994a, 1996). These autho d LabVIEW software (Natlonal Instru.ment.s).. Measu_rements
speculated that the relative permeability of the muscld/€"® made from 812 fibres of each fish within 20 min.
membrane to Ngland NH* is altered by exercise-induced | The frpzen muscle sample; were grounq o a powder under
acidosis. In view of these questions surrounding thngd nitrogen, and ammonia concentration was measured

assumptions made in estimating the membrane potential frof?'"Y the %u;jmat? derr:ydrogenase metlhod 9f Kun" de
ammonia distribution and its central importance in the Seconﬁearney ( . ). In the same — samples, mtrace. uiar

hypothesis for loss of swimming performance (impaireophosphocreatlne (PCr) conc.entratlon was measured in the
neuromuscular function), the present study was undertaken 8Up|6d assay system described by Lamprecht et al. (1974).

measure directly, using microelectrodes, the membran issue intracellular pH (pHi) was determined using the

. : ; tabolic inhibition method of Pértner et al. (1990) and a
otential of white muscle in trout exposed to copper and loW'® .
gH P PP \@ameron BGM200 blood gas system equilibrated at 10°C.

Intracellular (ICFV) and extracellular (ECFV) fluid volume

were measured using tritiated polyethylene glyésl[REG],
Materials and methods Dupont), which was dissolved in Young’s teleost saline (Hale,

Brown trout Salmo truttal.) were acclimated to artificial 1965) and injectedia the cannula into the dorsal aorta at a

soft water (composition ranggmolll; Ca*, 45-56; N4, rate of 0.925MBqkgtbody mass. On the basis of trials
69-77; K, 4-6; Mg+, 34-48; Ct, 88-109; S@, 62-68; previously conducted in our laboratory of equilibration times
NOs~, 4-7) at a temperature of 10 °C for at least 4 weeks. Thefpr 3H[PEG] in rainbow QOncorhynchus mykissand brown
then each had a catheter implanted into their dorsal aorteout tissues (S. E. Taylor, J. L. Mair and M. W. Beaumont,
(Soivio et al.,, 1972) and were placed in a Blazka-typainpublished results), these injections were made 18h prior to
swimming flume. Following 2 days of recovery, exposure tahe termination of the experiment. Plasma and tissue samples
the test water was begun. This consisted of either the additiavere solubilised in ‘Optisolv’ (LKB Scintillation Products),
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neutralised with glacial acetic acid and added to HiSafe &l., 2000), it is assumed that membrane potential is equivalent
scintillation  cocktail (LKB  Scintillation  Products). to Enn,, then, in the present study, tBg& of CLP-exposed
Radioactivity was counted using a Beckman LS 1701 countetrout is apparently depolarised by 38.3mV in comparison with
against a preprepared quench curve for trout tissue. Sampkbsit of trout in control conditions (Table 2). This is in
of tissue were also dried to constant mass at 70 °C to determiagreement with our previous study, although the size of the

water content. apparent depolarisation is somewhat larger, a consequence of
To determine tissue ion concentration, samples wera higherEnn, in the control fish.
digested in a 1:10 (mass: volume) dilution with 1 rmbhiitric However, as pointed out above, this analysis makes a

acid for 24h. Sodium and potassium concentrations wenmumber of assumptions and so, in the present study, direct
determined in the neutralised supernatants and also in plasmmeasurements of white musdtg of trout from both control
samples using a Pye Unicam SP9 atomic absorptioand CLP conditions have been made. The mean membrane
spectrophotometer. Chloride concentration was measured potential recorded in the white muscle of control trout was
the samples using an automated chloride titrator (Aminco). —86.5+2.9mV (Table 2). The white muscle of CLP-exposed
trout was significantly depolarised in comparison
Calculations (-52.2+4.9mV, P<0.001). This approach supports the
Extracellular fluid volume (ECFV) was calculated from thepredictions made from the ammonia distribution, that CLP-
ratio of DPM measured in tissue (disints mig-lwetmass) exposed fish exhibit a depolarisation of the white muscle of
and plasma (disints miiml~1) samples (equation 3) and 34mV in comparison with trout from control conditions (Table
intracellular fluid volume (ICFV; mit) by subtraction from  2).

total tissue water (equation 4): The question of the cause of muscle depolarisation in trout
, exposed to copper and low pH remains. CLP exposure causes
DPMnssue . . . .

ECFV= — | (3)  anincrease in the absolute levels of ammonia, but it does not

DPMplasma necessarily follow that this is responsible for the change in

ICEV = total tissue watet ECFV . 4) electrlcgl stgtu_s. I.t |s_po§S|bIe that the observed change in

ammonia distribution is simply a consequence of a change

Statistical analyses in Em arising from some other factor. In mammalian

neurons, ammonia activaté&methylo-aspartate (NMDA)-
pe glutamate receptors (Marcaida et al., 1992), and glutamate
xcitotoxicity is characterised by sustained membrane
depolarisation (Rothman and Olney, 1987). Copper and
protons themselves inhibit ATPases responsible for the
transport of ions across cell membranes (e.g. Lorz and
) ) McPherson, 1976), and muscleé KEnd Cf concentrations of
Results and discussion CLP-exposed fish are, respectively, lower and higher than
CLP exposure and muscle membrane potential those of control trout, although there are no differences in the
The results of the plasma and tissue analysis are shown plasma concentrations of these ions (Fig. 1). However, fish
Table 1. In common with our previous studies (Beaumont edxposed to sub-lethal copper concentrations accumulate little
al., 1995b, 2000), total ammonia concentrations of both plasima no copper in the plasma or muscle since most is sequestered
(P<0.001) and white muscleP£0.05) were significantly in the liver (Grosell et al., 1996, 1998). Moreover, in using
higher in CLP-exposed trout than in trout from controlthese ion concentrations to estimate membrane potential from
conditions. There were no significant differences in meatthe Goldman—Hodgkin—Katz equation, we find Eigaci of
plasma pH and white muscle intracellular pH between fisiCLP-exposed animals to be significantly different from the
from the two groups. If, as in our earlier study (Beaumont etneasuredEm (Table 2; P<0.05). It seems likely that this

Results are presented as mean + standard esrom.j.
Significant differences between treatments (control and CLP
were determined by analysis of variance (ANOVA) performe
using Systat software (Statsoft Inc.).

Table 1[Tamn] and pH of plasma and white muscle of brown trout at rest following 96 h of exposure to either circum-neutral,
copper-free water or to water containing 080l Cu?* at pH5

Plasma White muscle
[Tamn]e [Tamndi
Treatment famol I71) pHe @mol 1 ICF) pHi
No copper, pH7 108.7+21.1 7.90+0.08 3168+223 7.07+0.03
0.08umol I71 Cw?t, pH5 651.9+94.611F 7.83+0.08 4255+617% 7.01+£0.03

Values are meansste.M., N=6.
[Tamnd, total ammonia concentratiofgmnie, plasma Tamn]; [ Tamnli, intracellular Tamn]; ICF, intracellular fluid.
A double dagger indicates a significant difference between control trout and trout exposed to copper andRe®. @61 $<0.001.
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Table 2.Resting membrane potential of white muscle from brown trout following 96 h of exposure to either circum-neutral,
copper-free water or to water containing 0880l11 Cu?* at pH5

Goldman-Hodgkin—Katz

Nernst Measured
Treatment ENH,4 ExnNacl EKNaCINH, Em
No copper, pH?7. -92.8+3.4 -82.8£1.9 -83.2£2.3 -86.5+£2.9
0.08umol I"1 Cu?*, pH 5. -54.5+5.111¢% -69.8+£3.11%¢t -50.8+4.0f1t -52.2+4.911t

Values are meansst.m., N=6 (for measureéym, the mean of 20 measurements gave the data point for each individual animal).
A double dagger indicates a significant difference between control trout and trout exposed to copper anB<6vO@H.
Calculated values were obtained from the following equations:
RT  [NH4";
In

ENH =~ — ,
ZF  [NH4'e

RT  perK[K*]e + peNa[Na]e + perCI[ClT];
EkNacl= — In )
zF  peK[K"]i + peNa[Na']i + perCI[Cl]e

E RT | perK[K *le + peNa[Na']e + perCI[CI i + peNHa[NH4"]e
KNaCINHg = —— In .

T perK[K *]i + peNa[Na']i + perCI[Cl e + pemNH4[NH 4

R is the gas constari,is absolute temperaturk,is the Faraday constamtis the valency and the subscripts i and e denote intracellular and
extracellular concentrations, respectively.

perK, peMa, perCl andpemNHg are the relative permeability coefficients of, Na", ClI~ and NH*; values used were 1, 0.01, 2.5 and 0.26,
respectively (Hodgkin and Horowicz, 1959; Binstock and Lecar, 1969).

Em, membrane potentiaEnH,, membrane potential estimated from the Nernst equation for the measured distribution of ammonium ions;
Exnacl, membrane potential estimated from the Goldman—Hodgkin—Katz equation from the concentratipriNef &nd Ct; ExknaCiNHa,
membrane potential estimated from the concentrations o, CI- and NH;*.

reflects a significant contribution of ammonium ions, whichmetabolism (Wendelaar Bonga, 1997) coupled, perhaps, with
can substitute for Kin transport mechanisms (Binstock and a limitation of branchial ammonia excretion. Since exercise
Lecar, 1969). When ammonium ion distribution is included inprotocols are necessarily much more acute than the CLP
the Goldman-Hodgkin—-Katz estimate, using a value for thexposure of the present study, equilibrium conditions are more
relative permeability of Nk with respect to K of 0.26, likely to have been achieved in the latter case.
obtained from a study of the squid giant axon (Binstock and Table 3 shows the measurethhn]i/[ Tamne ratio and also
Lecar, 1969), a much better fit with the observed membrarthe ratios predicted by the Nernst distribution (withEanof
potential is obtained (Table 2). Whatever the cause, the85mV or the mean observés for each fish) and by the pH
membrane depolarisation and the consequently lowegradient. In control fish, the observed value is remarkably close
[Tamrdi/[Tamn]e ratio may perhaps protect the tissue againsto that predicted by the Nernst distribution but much greater
ammonia intoxication by reducing the concentration ofthan that predicted by the pH gradient. This seems to confirm
ammonia in the tissue for a given extracellular concentratiorthe hypothesis that ammonia is distributed according to
membrane potential in trout white muscle. The mean observed
Ammonia distribution ratio for CLP-exposed fish in the present experiment of 7.3+1.4
While the aim of the present study was the validation of th€Table 3) is significantly H<0.05) lower than the value we
prediction of muscle membrane depolarisation in trout exposddund in a previous study (10.5%£1.2; Beaumont et al., 2000)
to copper and low pH, the present data contribute to the debdiat, as in that study, this result predicts either a significant
surrounding the factors affecting ammonia distribution in fishdepolarisation or a decrease in the relative permeability of the
CLP exposure provides an alternative to exercise, the methadembrane for Nk with respect to that for Ng(i.e. to a
by which transmembrane conditions have commonly beedistribution determined by pH). In the present study, direct
manipulated in the study of ammonia distribution. Unlikemeasurement div shows the former to be the case. The mean
exercise, no significant change occurs in the pH differencenembrane potential in white muscle of CLP-exposed trout was
across the muscle membrane following CLP exposure but, a$2.2+4.9 mV. Using the observed ammonia distribution, the
we have now shown, there is a significant depolarisation. BotRernst potential for ammoniaEf{n,) is -54.5+5.1mV
exercise and CLP exposure elevate the intra- and extracellul@rable 2).
total ammonia concentrations. While in the former case this is From these results, we might accept the hypothesis that the
likely to arise mainly from the deamination of adenylatedistribution of ammonia across the white muscle membrane of
within the muscle, it is probable that the rise in the latter caderown trout at rest is determined predominantly by membrane
is mainly a consequence of stress-related changes in hepatictential under normal conditions and following CLP
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ammm Control breakdown, which would result in high values fsqnji, and
140 « =acLp Plasma g inapcuracies in dgterminingTa[mn]_e u;ing arte_,-rial plasma
A which could result in an underestimation of this variable.
T 120 4 T _T_ . In both the earlier studies (Beaumont et al., 1995b, 2000)
E 100 - 1 b 6 ’:' and the present studyTgnn]i values of brown trout from
£ 2 control conditions and at rest are indeed somewhat higher than
T 809 £  published data for rainbow trout (ranging from 1.6 to
5 gl P 4 g 3.2umolglwetmass compared with Quénolglwet mass
5 @ from Wang et al., 1994b). However, the present study followed
E 404 P a similar procedure (anaesthesia and freeze-clamping) for
B =.  tissue collection to that recommended by Wang et al. (1994b)
ﬁ 20 1 except that, rather than using a waterborne anaesthetic such as
0 0 MS-222 which, in our experience, occasionally leads to some
Sodium  Chloride Potassium struggling, fish were anaesthetised with Saffan injecitethe
cannula in the dorsal aorta. No struggling occurred, and tissue
s s White muscle o ;g9 samples were rapidly freeze-clampgd in liquid nitrogen.' Both
o B theT depr.otelnlsatlon and ne_utrallsatlon steps were carrleq out
© l s p 160 @  Quickly in the cold to avoid adenylate breakdown during
T 20 ] » 140 ©  analysis. Indeed, measurement of PCr concentration, a
g L 120 E' sensitive indicator of metabolic change induced by sampling
E 157 L 100 g (Wang et al., 1994b), in the same tissue samples gave a mean
g L a0 E  value of 22.4+1.9mol g2, similar to that measured by Wang
S 10 it E et al (1994b). It is possible that the higher tissue ammonia
S r 60 % levels in the brown trout of the present study in comparison
E 5 4 p 40 5 with those reported in the literature for rainbow trout is simply
§ 20 —  a species difference; for example white mustigfji of both
= 0 l 0 cod Gadus morhupand sole Rarophrys vetulysat rest has
Sodium  Chloride Potassium been found to be higher even than in brown trout at over

_ _ _ _ ~ _e6mmolf! (Fraser et al., 1966; Wright et al., 1988a).
Fig. 1. Concentrations of sodium, chloride and potassium in (Aterpatively, the difference may arise as a consequence of the
plasma and_ _(B) white muscle of brown trout exposed either t%oft water used in the present experiments.
control conditions (pH 7, no copper) or to copper and low pH (CLP, The use of arterial plasma levels to estimatgnfje could
0.08umol 171 Cw?*, pH5) for 96 h. Values are meanss.£.M., N=6. ) X . e M
1t denotes a significanP<0.01) difference between treatments. also !ntroduce.er.ror into the ?‘”6!'}’5'5 of ammonia distribution.
ICE, intracellular fluid. Arterial [Tamn] is likely to be significantly lower than the local

[Tamrle. Such a discrepancy would cause the greatest error at

the low plasma values of resting, control fish (Wang et al.,
exposure. However, to explain the much lowletfdi/[Tammle  1994a). A better estimate Gfgmn]e would perhaps come from
ratio in rainbow trout at rest than that found by most previousenous plasma. However, there is a relatively consistent
authors, Wang et al. (1996) suggested that previous studidgference between arterial and venolis+ of brown trout
may have overestimated th&ahn]i/[Tamnle ratio. They from both control and CLP conditions of approximately
suggest a number of methodological reasons, particularly tl®umoll2 (M. W. Beaumont, unpublished results).
difficulties in measuring tissueT{mn] without adenylate Application of this factor decreases tl&dn]i/[ Tamnle ratio,

Table 3.The ratio [Tamnli/[ Tamn] e in White muscle of brown trout at rest following 96 h of exposure to either circum-neutral,
copper-free water or to water containing 0880l Cui?* at pH5

[Tamn]i/[Tamn']e
Predicted from non-ionic Predicted from Nernst Predicted from Nernst
Treatment diffusion (pH) usingm=-85mV using measurelv Measured
No copper, pH7 7.2£1.2 32.240.1 35.5+4.4 33.0£4.3
0.08umol I"1 Cu2*, pH5 7.5+1.9 32.3+0.1 9.2+1.8 7.3+x1.4

Values are meansste.M., N=6.

The ratios presented are those calculated from the measured valligsnf from the measured pH gradient (equation 2) and from the
Nernst equation (equation 1) assuming a muscle membrane potential of -85 mV or using the measured values.

[Tamndi @and [Tamnje are the internal and external ammonia concentrations, respeclvelinembrane potential.
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501 Nemnst 0 ApH 0.4, By ~88 mV
= 401 @10'_____’ :
E 0 E 201 ApH 0.8, Ey -70mV .-
E = 301 o
E 20 E 40{ ApH 0.8, Ey -88 mV
= 10 = 501 pd
60{ — —
0 ApH 0.8, Eyy —100 mV
-30 70 4= v v v v v
0.1 1 10 100 1000 10000
Nernst perNHz/perNH 4+
%01 B -5 Fig. 3. Relationship between relative membrane permeability to
© 40 o Control +I<r NH3z and NH*™ (pNH3/pNHs") and ammonia distribution
E e CLP 102 ([Tamndi/[ Tamnde), where Tamn]i and [Tamnle are the internal and
|_% 304 ’ E_ external total ammonia concentrations, respectively, using the Roos
= E’ and Boron equation (equation 3) and typical values for membrane
% % potential Em) and the extracellular minus intracellular pH difference
= Q (ApH) in brown trout from control conditions (solid line). Curves are
also plotted showing the effects of alterations to membrane potential
(broken lines) and tad\pH (dotted lines). Adapted from Wood

(1993).

Ep (MV)

Fig. 2. The relationship between ammonia distribution and muscle Also _Sh()_wn_ m_F'g' 2AB are the relathnshlps between
membrane potentiaEfy) for brown trout exposed either to control ammonia dls_trlbutlon ahd membrane potential based upon the
conditions (pH7, no copper) or to copper and low pH (CvaNernst equation (equation 1) and the Roos and Boron equation
0.08umol I-1 Cw2*, pH5) for 96 h. (A) Tamni/[ Tamnje for each fish,  (équation 5). For the latter, the mean measured-pHieof 0.8
where [Tamnje is the measured arterialdmn]. (B) [Tammli/[Tamnle  (Table 1) was used, and the relationship is plotted for a range
for each fish, wher€Thmn]e is the estimated venou$ann]. [Tamnli  Of values ofpeMHs/peMHs*. The [Tamnli/[Tamnle ratio is

and [lamn]e are the internal and external total ammoniausually lower than that predicted frd&w alone (i.e. using the
concentrations respectively. Also shown in each graph are the curvRgernst distribution), and the data in Fig. 2B appear to show a
calculated from the Nernst equation (solid line) and from the Roogaggonable correlation with the predictions of the Roos and
and Boron equation (dotted lines) using an extracellular minu%oron equation where the ratio of membrane permeability is
intracellular pH differ_gnceA(pH) of 0.8 andf range of values for the approximately 20-50. As Fig. 3 shows, this represents almost
membrane permeability raygeHs/peiHa’. the mid-point between dependence solely upgnor solely
upon pH. Ammonia distribution in this case could be regulated
particularly that of control fish in whichTimn]e is low. The Egg;:lt){aﬁyp\cshwgsj |er1 :}.e(rig;gt;i tsuusggre;?etrr]réuzgﬁifri\;ei?cbera;e
effect of this adjustment is shown in Fig. 2, in which thea permeability to both Niland NH* ir’1 ammoniotelic

mea.sulrecljz'mezrg\brane %qtentldall is plotted algaln;éthe measw&%anisms such as fish may be the requirement for a greater
a'rter.|a ,( ig. 2A) or a justed (venous) (Fig. ),ammo.n'acapacity for the movement of ammonia across cell membranes
distribution for each fish. The two patterns of distribution

. . ) than in their ureotelic counterparts. With a permeability ratio
described so far, i.e. accordingEg or to pH, represent the P P y

ds of f ibl h be d ibed f 20-50, there is perhaps a maximum sensitivity to changes
two ends of a range of possible states that can be described; YothEwm andApH for the regulation of ammonia distribution

the general equation (equation 5) given by Roos and Borod?_-ig_ 3).

(1981) (see also Wood, 1993): In summary, the present study has confirmed the prediction
[Tamnli  ([H*]i + K) that the resting membrane poten_tial pf v_v_hite muscle from trout
[Tamle  ([H']e+ K) X expose(_j to copper and low pH is §|gn|f|cgntly depolarised in

comparison with that of control fish. This seems to be a
(peMHa/pemMH4*) — [F x EM/R x T(1 - y)] x ([H*]&K) consequence of the elevated ammonia concentrations in these
(peNHa/peNH4*) — [F x Em x YIR x T(L - )] % ((H*]i/K) ’ fish. This, in turn, may influence swimming performance
(5) by inactivating voltage-gated Nachannels and causing a
subsequent loss of electrical excitability in these muscle fibres
where y=expEwF)/RT, K is the dissociation constant for (Jenerick, 1959). A similar phenomenon could account for the

NH3/NH4* and peNHs/peNHs the ratio of membrane absence of white muscle recruitment in trout exposed to sub-

permeability to NH and to NH*. lethal low pH, swimming at speeds at which such recruitment




Membrane potential of copper- and acid-exposed t@285

normally occurs (Day and Butler, 1996), as these fish also Aspectsed. J. P. Truchot and B. Lahlou), pp. 137-157. Karger:

accumulate ammonia in their tissues. Basel.
Hidaka, T. and Toida, N. (1969). Biophysical and mechanical

This project was supported by the Natural Environment properties of red and white muscle fibres in filsH?hysiol., Lond.

: 201, 49-59.
Research Council. Hodgkin, A. L. and Horowicz, P.(1959). The influence of potassium

and chloride ions on the membrane potential of single muscle
References fibres.J. Physiol., Lond148 127-160.

Altringham, J. D. and Johnston, I. A.(1988). Activation of multiply =~ Jacobs, M. H.(1940). Some aspects of cell permeability to weak
innervated fast and slow myotomal muscle fibres of the teleost electrolytesCold Spring Harbour Symp. Quant. Bigl. 30—39.
Myoxocephalus scorpiud. Exp. Biol.140, 313—-324. Jenerick, H. P.(1959). The control of membrane ionic currents by

Bangsbo, J., Kiens, B. and Richter, E. A{Z1996). Ammonia uptake the membrane potential of muscle.Gen. Physiol42, 923-930.
in inactive muscles during exercise in humaxms. J. Physiol270, Kun, E. and Kearney, E. B.(1974). Ammonia. InMethods of
E101-E106. Enzymatic Analysjsrol. 4 (ed. H. U. Bergmeyer), pp. 1802-1806.

Beaumont, M. W., Butler, P. J. and Taylor, E. W.(1995a). London: Verlag Chemie Academic Press.

Exposure of brown troutSalmo trutta to sub-lethal copper Lamprecht, W., Stein, P., Heinz, F. and Weisser, H(1974).
concentrations in soft acidic water and its effect upon sustained Creatine phosphate. Methods of Enzymatic Analysigl. 4 (ed.
swimming performancéAquat. Toxicol33, 45-63. H. U. Bergmeyer), pp. 1777-1785. London: Verlag Chemie

Beaumont, M. W., Butler, P. J. and Taylor, E. W(1995b). Plasma Academic Press.
ammonia concentration in brown troBalmo truttd exposed to  Lorz, H. W. and McPherson, B. P(1976). Effects of copper or zinc
sub-lethal copper concentrations and its relationship to decreasedin fresh water on the adaptation to sea water and ATPase activity
swimming performancel. Exp. Biol.198 2213-2220. and the effects of copper on migratory disposition of coho salmon

Beaumont, M. W., Butler, P. J. and Taylor, E. W(2000). Exposure (Oncorhynchus kisut¢hJ. Fish. Res. Bd Ca33, 2023-2030.
of brown trout Salmo truttato a sub-lethal concentration of copper MacLean, D. A., Barclay, J. K. and Graham, T. E.(1995).
in soft acidic water: effects upon muscle metabolism and membrane Electrical stimulation and amino acid and ammonia metabolism in

potential. Aquat. Toxicol(in press). the canine gastrocnemius muséen. J. Physiol268 R759-R770.
Binstock, L. and Lecar, H.(1969). Ammonium ion currents in the Marcaida, G., Felipo, V., Hermenegildo, C., Mifiana, M.-D. and
squid giant axonJ. Gen. Physiol53, 342—-361. Grisolia, S.(1992). Acute ammonia toxicity is mediated by the

Brett, J. R. (1964). The respiratory metabolism and swimming NMDA type of glutamate receptorSEBS Lett296, 67—68.
performance of young sockeye salmdnFish. Res. Bd Car2l, Meyer, R. A., Dudley, G. A. and Terjung, R. L.(1980). Ammonia
1183-1226. and IMP in different skeletal muscle fibres after exercise inJats.

Butler, P. J., Day, N. and Namba, K(1992). Interactive effects of Appl. Physiol49, 1037-1041.
seasonal temperature and low pH on resting oxygen uptake amilne, M. D., Scribner, B. H. and Crawford, M. A. (1958). Non-

swimming performance of adult brown tro&almo truttd. J. Exp. ionic diffusion and the excretion of weak acids and bases.J.
Biol. 165 195-212. Med. 24, 709-729.

Day, N. and Butler, P. J.(1996). Environmental acidity and white Mommsen, T. P. and Hochachka, P. W.(1988). The purine
muscle recruitment during swimming in the brown troBal(no nucleotide cycle as two temporally separated metabolic units: a
trutta). J. Exp. Biol.199, 1947-1959. study on trout musclévietabolism37, 552-556.

Eugeéne, D. and Barets, A(1983). Electrical activity of trout skeletal Pé&rtner, H. O., Boutilier, R. G., Tang, Y. and Toews, D. R1990).
muscle fibersJ. Physiol., Paris/8, 814—-820. Determination of intracellular pH andPco, after metabolic

Fraser, D. I., Dyer, W. J., Weinstein, H. M., Dingle, J. R. and inhibition by fluoride and nitrilotriacetic aci®Respir. Physiol81,
Hines, J. A.(1966). Glycolytic metabolites and their distribution = 255-274.
at death in the white and red muscle of cod following variousRandall, D. J. and Brauner, C.(1991). Effects of environmental
degrees of antemortem muscular activiBan. J. Biochem44, factors on exercise in fish. Exp. Biol.160, 113-126.
1015-1033. Roos, A. and Boron, W. F(1981). Intracellular pHPhysiol. Rev.
Grosell, M., Boetius, |., Hansen, H. J. M. and Rosenkilde, P. 61, 296-434.
(1996). Influence of preexposure to sublethal levels of copper oRothman, S. M. and Olney, J. W.(1987). Excitotoxicity and the
64Cu uptake and distribution among tissues of the European eel NMDA receptor.Trends Neuroscil0, 299-302.
(Anguilla anguillg. Comp. Biochem. Physidl14C, 229-235. Saha, N. and Ratha, B. K(1989). Comparative study of ureogenesis
Grosell, M. H., Hogstrand, C. and Wood, C. M(1998). Renal Cu in freshwater, air-breathing teleosis.Exp. Zool252, 1-8.
and Na excretion and hepatic Cu metabolism in both Cu acclimatesbivio, A., Westman, K. and Nyholm, K(1972). Improved method

and non acclimated rainbow trowricorhynchus mykissAquat. of dorsal aorta catheterization: haematological effects followed for

Toxicol. 40, 275-291. three weeks in rainbow troubélmo gairdnedi Finn. Fish Resl,
Hale, L. J. (1965).Biological Laboratory DatalLondon: Methuen & 11-21.

Co. Ltd. Stabenau, J. R., Warren, K. S. and Rall, D. R1959). The role of
Heald, D. E.(1975). Influence of ammonium ions on mechanical and pH gradient in the distribution of ammonia between blood and

electrophysiological responses of skeletal muskia. J. Physiol. cerebrospinal fluidJ. Clin. Invest38, 373-383.

229 1174-1179. Stanfield, P. R.(1972). Electrical properties of white and red muscle

Heisler, N.(1990). Mechanisms of ammonia elimination in fishes. In fibres of the elasmobranch fi§tyliorhinus caniculal. Physiol.,
Animal Nutrition and Transport Processes 2. Transport, Lond.222 161-186.
Respiration and Excretion: Comparative and EnvironmentalTang, Y., Lin, H. and Randall, D. J. (1992). Compartmental



2236 M. W. BEauMONT, E. W. TayLoR AND P. J. BUTLER

distributions of carbon dioxide and ammonia in rainbow trout aWilson, R. W. and Taylor, E. W. (1993b). Differential

rest and following exercise and the effect of bicarbonate infusion. responses to copper in rainbow tro@ncorhynchus mykiys

J. Exp. Biol 169, 235-249. acclimated to sea water and brackish watecComp PhysiolB
Wang, Y. X., Heigenhauser, G. J. F. and Wood, C. M1994a). 163 239-246.

Integrated responses to exhaustive exercise and recovery Wood, C. M. (1993). Ammonia and urea metabolism and excretion.

rainbow trout white muscle: acid-base, phosphogen, carbohydrate,In The Physiology of Fishé€ed. D. H. Evans), pp. 379-425. Boca

lipid, ammonia, fluid volume and electrolyte metaboliSmExp. Raton, FL: CRC Press.
Biol. 195 227-258. Wood, C. M., Munger, R. S. and Toews, D. §1989). Ammonia,
Wang, Y. X., Heigenhauser, G. J. F. and Wood, C. M1996). urea and H distribution and the evolution of ureotelism in

Ammonia movement and distribution after exercise across white amphibiansJ. Exp. Biol.144, 215-233.

muscle cell membranes in rainbow trodtm. J. Physiol.40, Wright, P. A., Randall, D. J. and Wood, C. M. (1988a). The

R738-R750. distribution of ammonia and *Hoetween tissue compartments in
Wang, Y. X., Wilkie, M. P., Heigenhauser, G. J. F. and Wood, C. lemon sole RParophrys vetulysat rest, during hypercapnia and

M. (1994b). The analysis of metabolites in rainbow trout white following exerciseJ. Exp. Biol.136, 149-175.

muscle: a comparison of different sampling and processingVright, P. A. and Wood, C. M. (1988). Muscle ammonia stores are

methods.J. Fish Biol.45, 855-873. not determined by pH gradient&ish Physiol. Biochemb,
Wendelaar Bonga, S. E(1997). The stress response in fidhysiol. 159-162.

Rev.77, 591-625. Wright, P. A., Wood, C. M. and Randall, D. J.(1988b). Anin vitro
Wilson, R. W. and Taylor, E. W. (1993a). The physiological andin vivo study of the distribution of ammonia between plasma

responses of freshwater rainbow tr@mcorhynchus mykisduring and red cells of rainbow trousélmo gairdnedi J. Exp. Biol.134,

acutely lethal copper exposutde.Comp PhysioB 163 38-47. 423-428.



