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ABSTRACT

Experiments werc conducted on rainbow'trout to analyse 1)
the physiological mechanisms of short-term copper toxicity, 2) the
effects of water hardness. pH. and alkalinity on copper toxicity,
and 3) the physiological and bicchemical mechanisms of acclimation -
to copper toxicity. Unidirectional and net sodium fluxes were the
basic parameters measured.

Disruption of cthe icnoregulatory functions of the gill
accounted for short-term (24 h) and long-term (28 day) copper
toxicity. Copper inhibited sodium uptake at concentrations as low
as 12.5 pg/L, and scimulatedl sodium efflux at copper
concentrations greater than 100 ng/L. High alkalinity water
(i.e., 1000 uM Ca(CO)a) significantly reduced copper- effects on
both sodium uptake End sodium efflux. Although water hardness
(i.e., 25 vs. 1000 uM Ca(NO3)2) had no effect on sodium uptake (at
either pH 7.8 or pH 5.0), hardwater fish were better able to
reduce sodium efflux than softwater fish. At pH 5.0 (in both hard
and softwater), a significant additional inhibition of sodium

uptake was found at low levels of copper but not at higher levels.

Juvenile trout were aple to acclimate to 55 ug/L copper.
Acclimation was defined as the return of sodium uptake and whole
body sodium to control levels during continuous exposure to
copper. Sodium wuptake kinerics c’d whole body sodium
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concentration were _analysed weekly during 4 weeks of exposure.

The recovery of sodium uptake took about 3 weeks to complete, but

whole body sodium recovered within 1 week. The time necessary for
the recovery of influx was prooldod by a reduction in efflux. The
inhibition and recovery of sodium 1nf1ux was correlated with the
inhibition and recovery of the Na —K ~ATPase cransporr pool of the
gill. Metal binding proteins playod no abbarent protective role

in the recovery of Na+;K+-ATPase. Metal binding proteins were

induced in the liver, but g significant portion of the whole body

copper burden was accumulated by other tissues.
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CHAPTER 1

GENERAL INTRODUCTION AND METHODS



GENERAL -INTRODUCTION

,

. s . )
Copper: Sources and ‘Basic Chemisgtry

Coppér,‘an essential micronutrient with|an atomic wéight of
63.54, be;ongs to the first series of the trandition metals. Its
by nickel and zinc, elements which are also micronutrieénts, but, beéauae
of its outer electron cdhfiguration, copper is placeq directly 6ver
silver, a metal w;thouf known biological function, and.;ne of the most
toxic of the transition metals. !
Copper can be acutelv toxic to fish in the 10 to 1000 Hg/L range
(Spear and Plerce, 1979). Toxie concentrations occur in nature mainly
through such processes as smeltiﬁg, the combustion of fossil fuels, the
dissolution of metal tailings from wining dumpsites, and the dissolution
of copper from bedrock and soil due to acid precipitation (Hodson et
al., 1979 Spry et al., 1981). Of - these potential sources of copper,
the atmospheric emission of particulate copper comprises the largest
portion of the total, global copper budget. 1In fact, Nriagu (1979) has
estimated that about 80% of the total copper ever mined has been‘mined
during the 20th century, and that about 30% of the all-time atmospheric
emmisions of copper will oceur {n the decade 1980 to 1990. In natural
surface waters, copper concentrations rarely exceed 5 ng/L. However,
‘copper has been reported at éreater than 92 pg/L in an acidified lake in

Ontario (Spry et al., 1981), at 200 ug/L at the drainage of a mine
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tailings dump s;lte in British Col@bia (Roch et al., 1’985),‘ and at 4
ng/L in snow melt water near the copgz;-smelner at C0pper Cliff, Ontario
- (Preedman, 1978). Jouea (1939) has shown that the toxicity of high
levels of metals to fish follows the order: silver)mercury) copper>
lead> cadmiumd aluminumd zined nickel) cdbalt. Since. silver and :ﬁercury
. are relatibely rare metals, copper is the mogt toxic metal commonly
found in the aquatic enviroumené;
The coordination chemistry of copper governs itg interactions
’,\$ith inorganic ligands in natural waters’ (Silleh and. Martell, '1964;
Stumm and Mergan, 1970 Leckie and Davis, 1979), Hetallic copper has an
outer electron configuration of 3d Osl, but the oxidation state of
copper in the aquatic environment ig usually 2+, with the outer sghell
configuration being 347, Elements with partially filled 34 shells “have
a large tendency_to form éomplex ions, and exist in various oxidation
states.- In thé aquatic environment, copper ions coordinatelwith six
water molecules and form the aquo ion, [Cu(H20)6]2+. Cupric copper is
classified as an intermediate between hard and soft electron acceptors
and forms strong complexes with electron donors such as oxygen, nitrogen
and sulfur. Thus, in natural waters, stable coﬁplexes are formed ﬁy the
replacement of HZO By hard bases such ag 0032—, 8042—, OH™ , and NH3, and
negatively charged residues of organic ligands such as humic acid. 1In
freshwater, pH and alkalinity are the major inorganic factors modifying
copper speciation. At pHs greater than 5.0, the aquo dion 1ig
predominant, while at neutral pH, copper carbonates such as CuCO. and

3
Cu(Co )2 » and copper hydroxides such as Cuon™ predominate’.
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The coordination chenistry of copper also controls cOpper
toxicity. The 3d9 configuration of coppers' outer electron shell gives
copper thé same electron withdrawing capacity as silver and mercuryl It
is well known that copper has a high affinicy for aulphydrfl residues éf
éroteins and forms.both square pl#nar and tetrahedral covalent Sonds_in
natural copper-dependent enzymes such as cytochrome o gxidase, and
superoxide dismétapg: In this respect,'it is interesting to note that-
the édminiatration of exogenous sulfhydryl compounds Asuch asg BAL'
(British anti-lewisite) and DTT (dithiothreitol). has beenlshown to be
effective in the clearance of the body of tox etals and the reversal
of the effecté of these metals. Thus, ’ although ubiquitoua in biological
systems, ‘the sulfhydryl group is thought to play a central role in metal
toxicity in general, and copper toxicity, specifically.

However, non-gsulfur ligands may substitute for one or more sulfur

residuea because copper also binds to oxygen (RPD -) and nitrogen

4
(RZNH) residues. Oxygen centers are usually occupied by caleium, and
the displacement of caleium is likely to account for at least some of
the toxic action of copper in the aquatic envi ronment. Furthermore,
copper has the potential for reacfiné with a wide variety of Siological
ligands and forms more sgable complexes with oxygen, uaitrogen, and
sulfur than most other transition metals {Leckie and Pavig, 1979).
Because of this broad spectrum of possible ligands, copper toxicity may
be due to the blocking of essential fuﬁétional groups of biomolecules,

the modification of the tertiary structure of a biomolecule, or the

displacement of essential metal jons in a biomolecule (Ochiai, 1977).



Since copper can accept electrons from anions or donor atoms, e.g.
.NHZ =R, it may also enter into oxidacion-reduecion cyeles ‘which form
highly cytotoxic _compounds such as feroxides and free 'radicals

(Hochstein et al., 1980). -

Copper 'roxicit:y_ to Selmonids

| The toxicity literature for eOpper on aquatic organisms is
voluminous, and has been frequently reviewed (Hodson et al., 1979; Spear
and Pierce, 1979; Alabaster and Lloyd, 1980). In general, Cu2 is
thought to be the most toxic species, but, except in acidic waters, Cu2+
is also a very'small component of the total copper concentrationf On
the other hand, the copper carbenates are thought to be the least toxic
species, and predominate at neutral pH 4n natural, alkaline water.
Therefore, copper toxicicy 1is eehanced by low pH, and reduced by high
hardness/elkalinity waters (Mount and Stephan, 1969; Shaw and Brown,
1974; Howarth and Sprague, 1978; Chakoumakos et al., 1979; Miller and
Mackay, 1980).

Most toxicity studies have considered water hardness and
alkalinity a5 synonomous, and no previous studies have varied hardness,
alkalinity, ‘and NaCl independently (i.e., NaCl always varied with either
hardness or alkalinity). Howeeer, Chakoumakos et al. (1979) tested the
independent effects of hardness and alkalinity on cutthroat trout (Salmo
clarki) and found that both hardness and alkalinity contributed to the-

’

96 h LCs0. Although carbonate complexation was used to explain the

ameliorative effect of alkalinity onm toxicity, no explanation of the



ameliorative effect of hardness was given. Hiller and -Mackay (1980)

also tesCed the independent effects of hardness, alkalinity and pH on

' the lethality of copper to rainbow trout (Snlmo gairdneri). They

reported that while curbonate alkalinity can protect against copper
toxicity  in hard water, calcium hardness 1ig more important than
carbonate complexation in ameliorating lethélity. Reducing PH increased
copper toxicity down to PH 5.4; however, at lower PH, copper and pH were
antagonistic. Similiar results at low pH were presented by Howarth and
Spragde\(lQTB). These results were explained on the basis of the high
copper binding capacity of mucus, dnd the stimulation of mucus secretion
by low pH (Miller and Mackay, 1980; 1982).

Very few experiments have examined the physiological .or
biochemical effects of copper on figh. Lorz and McPherson (1976)
exposed yearling coho salmon to 3 to 30 ung/L copper and measured'gill
ATPase activity and the abilicy of the fish to acclimate to seawater
(swoltification). Feeding was inhibited, and both survivorship of
downstream migrants and ATPase activity decreased in proportion to the
level of copper exposure. However, a marked recovery of the ability to
survive dowmstream migration was found in fish chronically exposed at
the highest level of copper. These fish became copper-resistant and
resumed feeding.

Sellers et al. (1975) exposed adult rainbow ctrout (§§£gg

gairdneri) to copper concentrations up to 129 ug/L for 24 h, and

‘analysed blood pH and pOz. Copper had no effect on blood pO *within 24

h, but caused a transient rise in blood pH. However, it wasg noted that
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blood PO, ‘decreaae-d from about 120 mm Hg undelr control conditfons to
about 75 om Hg after 86 h of exposure to 129 B/l 'copper. These authors
also found an increased variatilc\.n in \%ntzilatory activity with the onﬁet
of copper exposure, si:ggescing that fhé fish were able to recognize the
presence of the toxicaﬁt. In this respeét, it is iri_t:eresting to notz;

that Donaldson and Dye (1975) showed that copper elicits a8 cortisol

responsé in sockeye salmon (Oncorh}nchus nerka) within 2 h of exposure.

Thus, the increase in ventilatory variability may have been part of a

cortisol either 1led to the decrease {n plasma chloride,' or was
respongible for its cor _&Aon since cortisol has been i{mplicated in the
maintenance of electrolyte balance and B1ll ATPage activity, However,
several sgtudies have shown thatlcortisol has no effect on ATPaée
activicy in freshwater fish (Langdon &t al., 1984; Eib and Hossner,
1985), and there is ng evidence thag cortisol étimulates ion loss inp
freshwater, Jhis again 8uggests that the Mge in cortisol {p copper
exposed figh 1;"~a\‘generalized stress response, the main function of
which {s g increage resistance, possgibly through gluconeogenesis

(Freeman and Idler, 1973). An increase {ip plasma glucose may also
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explain the discrepahcy between plasma chloride and osmolarity found by
Schreck and Lorz (1978).-
Hckim.sg_gl. (1970) found that exposure of yearling brook trout

(Salvelinus fontinalis) to 38 and 68 ug/L copper for 21 days, led to

decreases in serum osmolarity and chloride, and i{ncreasges in hematocrit

red cell count, and plasma glutamic oxalacetic transaminase (PGOT). No
significant effects were found at 23 pg/L. All the fish in che 68 ng/L
group, and 57% of che 38 pg/L fish died before 337 days. but neither
serum chloride, osmolarity, red ;ell cou;t, or hematocrit were
significantly different from control plasma values in the survivors at
38 ug/L after 337 days. PGOT, an indicator of tis;ue dﬁmage, actually
decreased below control values, '.These results suggest that coppe;
disrupts ion balance, but that ﬁélow 8 certain level, adult figh can
acclimate to these effects. Nevertheless, McKim et al. (1970) predicted
that only copper concentrations of less than 23 ng/L would be safe for
adult trout. Indeed, 1in a coﬁtinuatidn of the game study, MeKim and
Benoit (1971) found that 33 pg/L copper reduced growth in adults, the
number of viable eggs produced, and egg hatchability. Furthermore, the
surviving alevins and juveniles from thisg Eroup were no less sensitive
to subaequent exposures to copper than those whose parents had never
been exposed to copper. 1t may be concluded thatr although measurements
of blood parameters may be a sensitive indicator of ghort-term
detrimen;al effects of copper, they are of little value during ldng-term
éxposures unless wmonitored continuously, {.e,., although apparent

acclimation was found for blood parameters, the cost of acclimation was



taken from growth and reproductive success. Forthermore, acclimation of
adults did not result in acclimat:l.on of their progeny, and juvenile
trout are more sensitive to copper than adults (McKim and Benoit, 1971).
Lett et al. (1976) exposed Juvenile rainbow trout for 40 days to
copper concentrations ranging from 75 to 225 pg/L in very hard, high
alkalinity water and deCermined the effeota of food ration on growth.
They found an initial cesgation of feeding and a decrease in growth.
rate. After 40 days of expoeure at the highest concentration, growth
rate was only slightly lower than controls. These authors concluded
that trout could adapt to copper concentrations up to 50% of the 96h
LC50 value. However, the reeovery of growth ®ay not have been an
adequate indicator for complete acclimation, and the results of McKim et
al. (1970) and McKim and Benoit (1971) suggest that longer term studies
(i.e., several generations) may be necessary to resolve this question.
More recently, Dixon and Sprague (1981a, b) and McCarter et al.
(1982) and Buckley et al. (1982) have shown that exposing fish to
sublethal levels of copper for saveral days increases the lethal
resistance time ({.e., 96 h LC50). Both groups have also shown an
increase in the metal-binding protein, metallothionein, in the liver,
and suggested that the induction of metallothionein 1isg responsible for
the increase in lethal resistance time. However, McCarter and Roch
(1983) showed that the peak period of increased resistance preceeded the
rPeak of metallothionein induction by 3 weeks, and at 50 ng/L copper,
there was no apparent induction of metallothionein at -all during the

peak of lethal resistance. The poor correlation between resistance and
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metallothionein suggests that metallothionein may be a secondary, rather

than a primary response.

-

Research Objectives: Mechanisms of Toxicity

Taken in concert, these physiélogical and biochemical studies
strongly suggested that at least =a major target of cépper toxicity in
fish is the mechanism for maintaiﬁing électrolyte balance. No previous
study has specifically éxamined the mechanisms of ioniec reghlation in
copper exposed fish, but simil ar effects on lonoregulation have been
described for fish exposed to low pH (Packer and Dunson, 1970; Leivestad
and Muniz, 1976). It seemed pertinent, therefore, to examine the
effects of copper on fish by measﬁring unidirectional and net ion
fluxes, methods which have previously been shown to be very sensitive
indicators of lonoregulatory disturbance in.fish (McDonald et al., 1980;
McDonald and Wood, 1981; M;lligan and Wood, 1982; Wood and McDonald,
1982; McDonald, 1983@, b; McDonald et al,, 1983). CQpper expoéures were
limited to 24 h in an attempt to reduce the masking of the primary
effects of copper by secondary responses of the fish. Furthermore, fish
were exposed to copper in artificial media which allowed the effects of
water hardness, pH, and alkalinity té be examined independently of each
other, but at a constant [Nagl].

The objectives'of this phase of research were: 1} to establish
the short-term physiological mechanismq of copper toxicity to fish at
the tissue level, 2) to establish the modulatory effects of water

hardness, pH, and alkalinity on the short-term mechanisms of copper
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toxicity, 3) to establish the de novo upcake‘of copper as & function be
copper concentration, and 4) to establish indices of stress ag a
function of coppgr&concen:ration. The resuits of this phase of i‘esearclh
are summarized in the -Chapcéf 2 and 3 of .this thesis. A modified
version of Chapter 2 has previously been published in the Journal of
Comparative Physiology, and a nodified version of Chapter 3 ig currently

in press in the Canadian Journal of Fisheries and Aquatic Sciences.

Mechanisms of Acclimation

.

Once thege objectives were met, it was decided to investigate the
physiologicgl effects of long~térm exposure to sublethal copper. Fish
' are‘found in nature in copper polluted waters, suggesting that they are
able to adapt to the presence of copper in concentrations which have
been shown to be toxic in laboratory studies (Grande, 1967; Van Loon and
Beamish, 1977; Franzin and Hc;arlaﬁé,.lgéo; Alabaster and Lloyd, 1980:

L B .
Black et al. qu;d Roch et al., 1985). Furthermore, current literature
suggested that prior eéxposure of fish to sublethal concentrations leads
Lo an increase in lethal resistance (96 h_ LC50) during subsequent
eéxposure. However, the physiological basis for this increase in lethal
resistance has not previously been investigated.

In Chapter 2 and 3, 1t wiil be shown that at least a major
mechanism of sublethal copper toxicity is the digruption of branchial
lonoregulation. Therefore, it was reasoned that true acclimation to
copper must be accompanied by recovery of both whole body sodium balance

and sodium uptake. Kinetié analysis of sodiup uptake {5 g very
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_ sansitive indicator of both uptakﬁ velocity and affinity of the sodium

uptake nechanisa. Therefora, juvenile rainbow trout were exposad to a
sublethal copper concencration for 28 daya. and whoaa body sodium a;
well asp sodium uptake kinetics were measured at weekly intervals.
Because previous authors had indicated metallothionein and branchial
ATPases are {mportant factors in the development of copper(reaistance in
fish. these biochemical parameters were also measured.

The objectives of this phase of research were 1) to establish if
phyéiological acclimation to a sublethal, environmentally relevant,
copper 9xposure occurs} 2) to determine the tissue distribution of
copper and evaluate the possibllity that the accumulacion of copper may

lead to hepatic failure, 3) to evaluate the blochemical basis of

‘acclimation to copper. The results of this phase of research are

summarized in Chapter 4 and 5 of this thesis, both of which have been
submitted for publication in the Canadian Journal of Fisheries and

Aquatic Science,
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GENERAL METHODS AND MATERIALS

Rainbow trout, Salmo gmirdneri.iobtdined from Spriﬁg Valley Trout

Farm, Petersberg, Ontario, were used in all experiments. ‘Sodium and

chloride reguiation were the basic functions studied, and only

non-invasive methods were used. Unidirectional fluxes of sodium and

chloride were mehaured _using the radioisotopes, -22Na and 3601,; as

markers. Net fluxes of sodium, chloride, potassium, and ammonia were

measured by cﬁanges :1n concentrations in the flux media. A1l flux

measurements were conducted in aerdted, static systems, using‘artificial
_medié’conaisting‘of NaCl,_énd elther Ca(N03)2 or CaCO3 salts. Copper
3 HZSOA' or KOH.
All fish were acclimated to the test media for 10 to 14 days before

was added as.Cu(N03)2 » and pH was adjd%tgd with HNO

“exposure to copper or to low pH, All experiments as well as acclimation

were conducted at about 11:100.
" .

Statistical Analysis

. All data presented are means + 1 standard error of the mean.

Statistical siénificance was dgtefmined by Student's two tailed t-test

for unpaired treatments, and the level of significance taken as P <0.05.
Interactions between the indepéndent variables, ©pH, ha;dness, and
alkalinity, and .the dependeng variables, sodium uptake, net sodium
balance, and sodium efflux, were- tested by multiple linear regression

using SPSS (Stastical Package for tha Social Sciences).

~



CHAPTER 2

EFFECTS OF COPPER ON BRANCHTIAL IONOREGULATION

IN ADULT RAINBOW TROUT:

Modulation by water hardness and pﬁ. :
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" INTRODUCTION

' There are many reports that copper is more toeic to fish in sofc-
than in hardwater at neutral pH (Lloyd and Herbert, 1962; Mount andi
Stephan, 1969), and more toxic still at low pH (Howarth and Spraéue.
1978; Chakoumakos et al., 1979). However, very little ig known about
' the mechanism of coeper toxieitf, or the manner bj which water hardness
and pH endifylthis mechanism.

- . Previous studies have sﬁown decreased plasma osmolality and
[ci7y, and increased hematocrit and cortisol titer {in copper exposed
fish (HcKim et al., 1970; Lewis and Lewis, 1971; Christensen et El';
1972; Schreck and Lorz, 1978). Simil ar effects have been reported by
McDonald and Wood (1981) for fish exposed to low pH, and McDonald et al.
.(1983) found that these changes could be attributed to the effects of H
.on the branchial ionoregulatory apparatus’ of fish. Thus, it seemed
likely that copper and H might share a common toxic mechanism. ° The
following experiments were desigeed to 1)‘Define the toxic mechanism of
copper, and 2) Determine the basis for the modifying effects of both

water hardness and pH on this mechanism.

' METHODS AND MATERIALS . N

Animalsg

Adult rainbow trout {mean wet weight = 202428 g; n = 140) were

theld in large, °paque; polyethylene (food grade) tanks ‘supplied with
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flou-through dechlorinated Hamilton tap water. The fish were acclimated
: \

for 10  days in recirculating water of the same {onic composition

subsequentlm employed in the flux experiments (Table 2. l). During this’

time the trout were not fed and the water wasg changed daily.

Water for aeclimation and experimentation was preuared by either
reverse osmosis  of tap dechlorinated water, or from in-houge tap
distilled water. NaCl and Ca(NO ) ‘were then added to the appropriete
levél (Table 2. 1), and pH was adjusted to pH 7.8 by addition of 'KOH, or
to pH 5 0 by the addition of HZSOQ In all experiments with adult

trout, the fish were contained with acrylic flux chambers a5 described

by McDonald (1983&).

Experimental Protocol

In order to avoid stress, beyond that produced by ion loss and
confinement, no indwelling catheters were used in any of the following
experiments. . Trout were placed within the flux chambers in a
recirculating system 24 h before the beginning of an experiment, and the
water was changed daily to maintain fon levels. For flux measurements,
the flux chambera were isolated from the recirculating system, and the
volume adjusted to about 2.7 to 6.9 L. Temperature was maintained-: by
submersion of the chambers in a cooled water bath. Resting rates of {ion
flux were measured“during 8 2 h period of 22Na and 36Cl fluxes prior to.

the addition of copper. Water samples were collected for the

measurement of net and unidirectional fluxes at =2, 0, +2, +4, +8, and

+12 h from the addition of copper., Copper exﬁosures wete begun by the v

1



Hardwater SBftwater

Hardwa tér Softwater
pH 5.0 . pH 5.0

17

Na' 22624137 219.4+ 4.5

247.9+ 1.8 205.6+ 1.8

231.6% 3.3 182.5+ 2.1

c1” 218.1+ 6.1 217.9+ 3.3
& 35.5+ 1.9 536+ 1.7- 311+ 4.3 4.1+ 2.0
caZ* CLO035H7.0 27.0+ 2.8 993+ 2.0 29.5+ 3.5
Ammonta 51.9+ 4.2 | 66u4t .5'.7 . 67.9+ 4.4 29.2_4;. 1.3
pH. 7.86 7.89 498 4.97
7= 7.8 7.4= 8.0 4e4- 5.3 446= 5.6
Table 2.1. The composition (means_i 1 SEM) and pH (weans, range) of

test water. Temperature= 15 + 1°c.

All ions in uM}
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b

addition of a Cu(N03)2 solution. Nominal copper concentrations were 25,

50, 100, 200, and 400 ug/L total copper. " To enable the  fast and

accurate measurement of eoppe: concentration, 64copper. prepared by the

McMagter University Nuclear Reactor, was added to a known specific

activity, and water samples counted on elther a Nal gamma counter
(Nuclear Chicago model 1085),.or a liquid scintillatioo beta counter
(Beckman model LS 230). At the end of 12 h, the .water was quickly
changed, and a aecond 12 h period of ooppor éxposure begun.

In order to assess the effects of hard- and softwater
aoclimation. and the effects of neutral pH and pH 5.0 exposure, control
groups were run -at the same time as copper exposures. Prior to the
beginning of a flux period, fresh water of the appropriate composition
was pumped into. each flux chamber, and ohe chamber drained down to the

fish's dorsal fin. This was repeated twice more to flush the box

" thoroughly and to minimize ammonia accumulation and fluctuations in ion

. i
levels between individual fish. At the end of the experiment the fish

were siunned by a blow to the héad, and a blood sample removed by caudal

" puncture. v

Analytical Techniques

N ,
Na , K+, and C32+ were measured by flame photometry (EEL mark IT

for Na+ and K+; Coleman 20 for CaZ+

). Chloride levels were determined
by coulometric titration (Radiometer CMT-10, or Buchler-Cotlove
Chloridometer). Ammonia was measured by a modification of the

colorometric method of Verdouw et al. (1978). Glucose was measured by
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the o-toluidine method of Hyvarinen and Nikkila ‘(1962), gn; Sigma
reagents (Sigma éhemical Co. St. Louié, Mo.).

ther copper was measured by atomic absorption 8pectroscopy
(Jarrel Aash 800) after first chelating the copper with ammonium
pyrollidine dithiocérhamate (APDC), and extracting the coppgr—éhelate
with methyl isobucyl ketone (MIBK; Brooks 55'533,31967). This was
followed by chk extraction 1ntol concentrated Hﬁ03, and direct
aspiration into the fiamé. Staﬁdarda were treated in the same manner

and analysed simuitaueously. No significant differences were found

" between this method and the 64copper method.

Flux Measurhments .

Net fluxes (Jnet) of Na+, K+,‘Cl-, and ammonia wera calpulated
from changes in their concentrations in the water. Na+ and Cl-rinfluxes
(Jin) were determined from the disappearance of 22Na7(26 kBq/L) and 3601

(26 KBq/L) from the water according to the equation given by McDonald et

al (1983):

* *
{in Q o~ 1na t)x(Qout)_
Jin- » (2.1)
txW

where Q*0 and 0*t are‘the counts per minute in the flux chambers at the
beginning and end of the flux period; QOut 1s the average amount of Na+
or €1~ in the medium over the flux period; t the time in hours; and W .
the weight of the fish in kg, to the nearest g, J was calculated b&

out

subtracting Jnec from Jin' Fluxes were expressed in pM/kg/h.
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RESULTS - ‘ : :

-Evaiuation of Copper Exposure Method

;n each experiment, regardless of water hardness or pH the total

" copper concentration decreased with time in 3 bimadal fashion, the

decrease being 1nit1a11y very fast and then slowing to a more gradual
rate (Fig. 2, 1). This occurred whether .0r not there was a fish present,

thus indicating that there was a- significant absorption of copper by the

'acrylic material of the flux chambers. Fortunately, the proportion of

copper Loat from solution_ was ‘independent of the initial coppér
concentration, and was consistently reproducible, so that for each 12 h
period, the mean exposure concentration (i.e., {Copper]x) could be

accurately described by'the following relationship:

)

[Copper}ﬁ- 0.54 x [Copper] (2.2)

initial

An initial concern was whether a declining copper concentration
produced the same effects 48 3 constant concentration. This was tested
in an 8 h experiment where trout were exposed Lo an average copper
concentration of 100 ug/L produced in two different ways; by a‘;ingle
i&itial addition of copper at 200 ng/L (n=4), and by maintaining a
relatively constant 100 ng/L by periodic addition (n=4). After 8 h eoth
groups had lost similar amounts of Na© (Fig. 2.2). Furthermore, these
losses arose in a simjlar manner; by an 83% inhibition of influx (Jin)
and by a 50% stimularion of efflux (Jout)’ relative to controls.

However, there was an initial rapid decline in ion loss rate with time

in the single dose experiments (Fig. 2.1) that was not observed in the
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Fig. 2.1. Effect of copper on J net sodium in adult rainbow trout over

12 h of exposure at an initial copper coneentration of 400 npg/L in

i low alkalinity hardwater. Data are means * 1 SEM, n=$,
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Fig. 2.2 Unidirectional sodium fluxes following exposure to a single
addition of 200 pg/L copper, and a constant exposure to 100 pg/L
copper for 8 h in low alkalinity hardwater at neul:ral pH. Means + 1
SEM. Sample size is 'indicated in brackets. Hashed area is the net-

flux.
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constant—dosing treatment. This 16 most 1likely attributable to the

declining copper'concenCratidn in the former. - This was judged not to be
‘a serious problem since the period of rapid copper concentration change
(Fig. 2.1) would be a relatively small pr0porcion of the total exposure
period of 24 h. Thug, in subsequent ‘experiments & single inicial
addition of copper to a Fflux chamber was' employed, land .all exposure

copper concentrations have heen expressed according to Eq. 2.2,

rl

Ion Rggglgtion in Control Fish

In circumne&fralvpﬂ in hardwater (1000 pM Ca2+; Table 2.1), net

o
Na+ and Cl~ fluxes were not significantly different from zero (Fig.
2.3). Jnet k' was negligible (Fig. 2.3) and ammonia efflux (Fig. 2.4)

was comparable to ‘previously published 'values for rainbow trout

+
-]

(McDonald et al., 1983). Similarly, plasma Na*, c1~ (Fig. 2.5), K

glucose, and ammonia (Fig. 2.6) concentrations were within the range

previously reported for thig species (McDonald, 1983a; Hille, 1982).
Following 10 days exposure to softwater (25 uM Cazt, Table 2.1)

there was a slight, but not statistically significant, net uptake of

both Na© and Cl™ of about 25 nmol/kgeh (Fig. 2.3). Net K and ammoqis//

fluxes were not significantly different from hardwater values (Figs.
2.3, 2.4) nor were plasma Na , C1° or glucose concentrations (Figs. 2.5,
2.6). Plasma ammonia (Fig. 2.6) was, however, significantly greater
than in hardwater, although'éﬁese values sti{ll fell within the normal
range previously reported (Hille, 1982). Thus, control fish 1in
softwater at.neutral pH had ﬁ similar ionic status to controls from

hardwater. No mortalities were found in elither control group;
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Fig. 2.3. “Hann ne.t: a) sodium, b)‘ chloride, and c¢) potassium fluxes
~over 24 h of coppef expo;ufe in low alkalinity hardg(KL) » and
softwater (SL) at neutral pH, and pH 5.0. -Dashed lines indicate that
only 12 h data are available. Means + 1 SEM. Samplé size aé in Fig.

2.4,
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nevertheleas, softwater acclimated fish were in general, more easily
excited and responded more vigoroualy to external stimuli than hardwater
fish. .In addition, -examination of the gills of softwater fiah by both
scanning and transmission " electron. microscopy, revealed the
p:oliferation of chloride cells.on the. lamellar epithelium, which may
have been responaible'forlthe slight net positive NaCl baléncg observed.

In low pH experiments, figh were fifst acclimated for 10 days to
either artificial hard- or soft;ater at neutral pH, and then acutely'
exposed to pH 5.0 for two comsecutive 12 h periods., ;n;both hard- and
goftwater, exposure to pH 5.0 without copper led to net NaCl 1losses
! (Fig. 2.3) with a significant reduction in plasma NaCl levels (Fig. 2.5)
and to an increase .in ammonig efflﬁx (Fig. "2.4) in hardwater fish.
'However, no increases in K+.loss (Fig. 2.3) or in plasma glucose or
ammonia levels (Fig. 2.b) were found.

-

In general, NaCl turnover rates (i.e., J plus Jout)-were lower -

in
in soft- than in hardwater at pH 5;0'(Fig. 2.70 vs. D, G va-H).‘ As a
result, net NaCl losses were about 50%' lower in softwater during the 24
h exposure (Fig. 2.3). However, net losses were reduced in hardwater in
®he second 12 h period, while losses continqed at the same level during
both period; in softwater. This was attributable to a reduction in J

out
1" hardwater (Fig. 2.8, hashed area@

Effects of Copper Exposure

Ion losses by rainbow trout were strongly dependent upon copper

concentration over the entire 24 h of exposure (Fig. 2.3). ‘For
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'Fig. 2.4 Net ammonia fluxes during the first (open bars) and second -
(hashed bars) 12 h of exposure to' copper. Means + 1 SEM. Samﬁle}.

size indicated within.each‘bar.
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‘Fig; 2.§ _ Plaama [Na+] (i) and_[CI_] fA)-after 24 h exposure ﬁo
copper in 4)'hardwater at neutral pH, B) softwater at neutral pH, ©€)
hardwater :;r. pH 5.0, and D) softwater at pH 5.0. .-Heans + 1 SEM.
" Sample size ag 'in: Fig. 2.4, Lines fitted by least .squares

2 3

regression. . .
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- . Iy

Fig. 2.6 " Plasma K+, 'glucose, and ammonia after 24 h exposure to
copper in A) hardwater, and B) softwater at neutral pH (@) -and pH 5.0

(¥). Means +1 SEM. Lines fitteqd by least squares regression.
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esch sf Na+, i{+, and Cl_, the logses were linearly related to the
external copper concentration in the. range of 132. 3 to 200 pg/L at
neutral pH, and 0 to 200 ng/L at pH 5.0. However, the very marked
stimulation of lon losses at neutral pH and 12.5 pg/L copper suggescs
that the threshold for copper effects upon the gills may oceur at much
lower copper concentrations than those tested in the present study.
| Na+ lossges were, for the cost part, similar in magnitude to the
v losses, and were about 2 7 fold greater than 'S losses. After 24 h,
NaCl losses were of sufficient magnitude at all copper concentrations to
have caused significant reductions in Plasma ion levels (Fig. 2.5).
Plasma K values (Fig. 2.6) were somewhat wunreliable because of
hemol&sis in some é;rminal blood samples; névertheless, plasma K+ values
remained within the normal range reported by Hille (1982). Accompanying
the plasma jonic disturbances were significant increases in both glucose
and ammonia concentrations in plasma (Fig. 2.6). Again, these showed a
linear proporticnality with external copper ¢oncentration. Ammonia
exceretion, on the other hand, was constant up to 50 pg/L of copper, but
at 100 and 200 pg/L, it wag significantly inhibited in the firse 12 p
period (Fig. 2.4). Howevef, except at 200 ug/L in softwater, ammonia
éxcretion returned to normal during the second 12 h period (Fig. 2.4,
hashed area).
In general, the pet NaCl losses arose because of a copper

f
i

concentration-dependent. inhibition of J and  at 200 jug/L, a

in’

stimulation of J (Fig. 2.7).
out
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"Flge 2.7 Unidirecll:iohal Na® (A-D) and C1™ (E-H) fluxes during the
first (open bars) and second {hashed bars) 12 h periodé of copper
exposure. A) hardwater, neutral pH, B) s-df't.:water, neutral pH, C)
hardwater, pH 5.0, b) softwater, pH 5.0. Means +1 ‘SEM. Salﬁple size

" as in Fig. 2.4.
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Effects of Wetef<Hardness | Lo
At neutral‘ pH, calcium concentration had no effect on' the net
SaCl or‘K losses caused by copper exposure (Fig-‘z 3A vse. B), even
though the calcium concentration of ‘the artificiai hardwater was 40
times that of the softwater (Table 2. 1). Heverthelees, there were
differences between hard-~ and softweter fish gimilar,to thoee noted in
controL<fiah at pH 5.0. In the aecond 12 h period of exposure in
n‘hatdwatet. there were eignificant reductions’ in NaCl losses that were
not found in BoftWater fish (Fig. 2.8, hashed area). N
More dramatic effects of water hardnees were seen upon the
unidirectional NaCl flyxes. In particular, there wag significantly less
inhibition of Jin in softwater compared to hardwater (Fig. - 2.7A vs B)
However, Jout was not stimulated to the same extent in hardwater as in
softwater during the first 12 h period of exposure, and was further

reduced during the second period (Fig. 2.7).

Effects of Water pH

In hard- and softwater at pH 5.0, net NaCl lossges at 12.5 to 50
ng/L copper were 30 to 60% greater than could be attributed to the
effects of copper alone (Fig. 2.3C vs A, D vs B). Furthermore, alchough

neither 12.5 ng/L copper, nor pH 5.0 alone had an effect on J gt

net y the

combination of the two led to a significant increase in net K loss.
Nevertheless, net Na Y Cl_, and K losses at 100 and 200 ug/L at both
neutral pH and pH 5.0 Suggests that a maximal effect may have been
approached. As might have been predicted rthen, at 100 and 200 pg/L,

.+. -
there were no differences in plasma Na , C1 , K+, glucose or ammonia
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L
C =

'Fig. 2. 8 Effects of water hardness on- J at Cl+, Na » .and X' during
the first (open bara) and second (hashed bars) 12 h periods of. copper

exposure. Henna + 1 SEM. Sample size as in Fig. 2.4. Asterisks (%)

indicate significant reduction over 12 h value.
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at pH 5.0 compared to neutral pH, but both Ng't and Cl__were lower at pH

5.0 from 0 to 50 ng/L.

‘The causea for net losses at BH 5.0 were the game as at neutral
PH , 1.e., the inhibition of J from 12.5 and 25 nug/L, and the

ftimulation of Jout from 50 to 200 ug/L (Fig. z.7C and D vs A and B, G

[am
T o .

gnd R vs E and F). However, both the inhibition of Jip €1 and the
- ;stimulation of J Na+ were more sgevere at pH 5.0. As at neutral ﬁH,

out
there was a significant reduction of net NaCl loss ftom the first to the
second 12 h period of'copper:expoeure in hardwater (Fig. 2.8) which
resulted entirely from a decrease in J ut NaCl (Fig. 2.7, hashed area).

+

Again, “this decrease in net loss was not observed in softwater (Fig.

‘DISCUSSION

“
v

Most toxicit§'studies'are Iun for at least 96 h and provide no
information about sublethal effects or the mechanisms of toxicity. ‘Iﬁ
contraat, the present physiological study has " shown that sublethal,
eev;:enmentaily relevant levels of copper (Chapter 1) causge serious,‘
concentratiop-dependent disruptions of branchial lonoregulatory
functions in adult rainbow trout within 2 n, Although &Lorz and
McPherson (1976) showed that copper inhibits branchial Na" "t ~ATPase in
vivo, this 1is the first demonstration thet copper also inhibits ion
uptake. Similarly, numerous investigators ¥have shown that copper
extosute leads to decreases in piasma Cl™ in freshwater fish (McKim.gt.

al., 1970; Lewis and Lewis, 197]1; Christensen et-al., 1972; Schreck and
7 == 4

Lorz, 1978), but this is the first demonstration that copper exposure

¥
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‘leadé éo;thé st;mulation Qf Na+, K+,Iand Cl™ efflux. -If haa aléo-beén
shown that water hardness has no significant effect on net 1on 1osees
within the first 24 h of _exposure, and that the~effec;s of low pH are
not simply additive with those of copper. |
i Baéed upoff previous studies of juvenile trout, it was expeéted
that softwater acclimated fish would be more sensitive to copper than
hardwater figh. This was not found to be the case in the present study
: large}y because Jin.was mora resistant‘to copper inhibition in sof twater
ﬁhﬁn iﬁ“hardﬁater. The origin of this resistance is not known, but may
be. related to the mechanisms of compensation for ions lost during
adaptapion to aoftwater (Ol;vereau et al., 1980; McDonald and Rogano,
1986)@ possibly by the proliferation of chloride cells noted in the
present study, and- discussed 1in detail by Laurent et al. (1985).
Softwater acclimated fish may therefore be pre—-adapted to resist ion
losses, especially when those ion losses arise from the inhibition of
jin' On this'basis alone, net ion losses in hardw&ter should have
exceeded those found {in softwater. However, hardwater fish also wmade a
compéﬁsatory response to ion ioss by- significhntly reducing the
magni tude oft, the efflux component of the net loss. The mechanism by
which this iq.accomplished is ;lso unknown, but similiar progrijiyw!
reductions of ion loss have been reported in fish during szsigyfes'tm

I+

La (Eddy and Bath, 1979), H+ {McDonald et . 1983): and

al.

poly-L-lysine (Greenwald and Kirschner, 1976).
- The net effect of resistance of Ji to, inhibition in softwater
and reduction of Jout in hardwater was that the two adaptations had the

effect of cancelling each other out, and equal losses were found by the
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) endiof 24 h_of exposure; However, the inhibition of Ji was progressive

‘with -time even in softwater, so that this adaptation would be of only

short-term'benefit. Fhrthermore HcDonald et al. (1983) showed that the

inhibition of"Ji in trout exposed to.pH 4.0, was eventually more marked"

‘in softwater than in” hardwater. Thus. the progressive reductions of'

Jout in hardwater may become more important to survival as exposure time

increases. _ . : v

i

Mechanisms of Copper Toxicity

The mechenisn for normal Na+.uptakevis believed to depend upon
active transport via Na+-K+~nTPase 1ooated in the basolateral memtranes
of the branchial epithelium, The inhibition of Ji Na+ and the
inhibition of this enzyme by copper in vivo (Lorz and McPherson, 1976},
suggests that the primary site of copper action “is branch1al
Na+:k+—ATPaser(seefChdbter 5). This further implies that copper must
enter the branchial epithelium, presumably aoross the } apical cell
menhrane. | |

The inhibition of Jin Na+ was accompanied hy an inhibition of
ammonia excretion of up to 40%. This observation provides turther
evidence for the existence of Na+/Nﬁ exchange at the gills as first
proposed by Krough (1939), and currently the subject of much controversy
{(Kormanik and Camercon, 1981). However, the fact that the inhibicion of
ammonia excretion wag much less than the inhibition of Na uptake and,

+
also, that ammbnia excretion returned to control levels while J Na

in
remained inhioited, indicates that such exchange is not obligatory.
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The large atimulation of passive NaCl .efflux suggeats that one of
_lthe important sitea of copper action ia the paracellular tight junctions
of the branchial epithelium, an effect similar to that found by McDonald
(1983b) for H . Since tight junction permeability - appears to be
controlled to a large ‘extent by calcium bound to anionic residues of the
intercellular “cement" (Oachman, 1978) McDonald (1983a) propoaed that
H ‘acts at these junctiona by diaplacing calcium. It is well known that
copper can alao displace calcium from biological ligands (Nieboer ano
Richardson, 1980) and that copper likely binds these sites with greater
affinity than either calcium or ' Thus, it would Seem that wt and
copper may compete for the sgame binding sites in the paracellular.

Spaces, and these gites are normally occupied by calciug.

stimulation of K loaeea. Copper—dependent K losses were more than 10
times greater than those predicted simply from the ratio of plasma
K /Na {l.e., 5/155= g. 03) whereas in control figh (neutral PH and pH
5.0), the predicted K lossges cloaely approached thig predicted ratio.
Based solely on the relative. concentrationa of K in the extracellular
_and intracellular compartments, thig Suggests cthat coppe:h is- able to

increase the permeability of the apical cell membrane, thus allowing

intracellular k' to diffuse down itsg toncentration gradient. 4 similar

loss.
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Copper appeared to be. much mdre effective at disrupting the

branchial epithelium than g since 1.6 uequiv/L copper (50 pg/L)

produced the same‘ net Ne+ losses as 10 uequiv/L H (pH 5.0). The -

relative effectiveness of copper was ‘even more dramatic on the apical

surface when only 0 8 uequiv/L copper (25 ug/L) was required to produce
K . losses of the same ‘order of. magnitude asg - those Previously found at
100 pequiv/L g “(pH 4.0; D.G. McDonald, unpublished).

Other 1mport!ht effects of copper exposure were the.elevation of
plasma glucose and ' ammonia 1evels. Such increases are typical of
cortisol and catecholamine-mediated stress responses (Mazeaud et al.,’
.1977) which are characterized by a- stimulation of both. protein

N

‘catabolism and gluconeogenesis (Freeman and Idler, 1973; Chsn and Woo,

1978). Plasma cortisol levels have often’ been suggesred as a good

weasure of degree of stress in—figh (Donaldson, 1981), but Schreck and
Lorz (1978) showed that cortisel .levels, although elevated, are qnot-
Strongly correlated with copper concentration. Furthermore, cortisol
-levels tend to decrease with continued‘exposure. Since both plasma
glucose angd ammonia levels showed ga strong correlation with copper
concentration even after 24 h of copper exposure, thig ‘Suggests that

either measurement may be a better indicator of stress than cortisol.



' CHAPTER 3

INFLUENCE OF . WATER HARDNESS, pH, AND ALRALINITY

A -ON THE MECHANISMS OF COPPER TOXICITY IN

JUVENILE TROUT

<t
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INTRODUCTION = ' | -
It has been shown that the basic mechanism of copper toxicity in

adult rainbow trout is the disrupt of branchial ionoregulatory-

function (Chapter 2). However, thet\stu was conducted in only 1low

- alkalinity water, and no significant éffects of- either water hardness
(within the range of 25 to 1000 BM), or R\ (within the range of pH 7.8
to pH 5.0) were found within 24 h  (Chapter 2). Since previous
experiments with juvenile trout have shown significant effects of water
hardness, pH, and alkalinity on the lethality of copper, i.e., 96 h LCSO
(Shaw and Brown, 1974; Zitko and Carson, 1976; Howarth and Sprague,
1978; Chakoumakos et al., 1979;-Milier and Mackay, 1980), it seemed thst
juvenile'trout might be more sensitive than adults. Furthermore, the
‘ effects of high alkalinity were not assayed in the previous study
(Chapter 2). Therefore, the objectives of this study were 1} to examine
the relative role of alkalinity, as well as thar of harduness and pH, in
modulating the effects_of copper on juvenile as opposed to adult trout,
and 2) to compare these results with those found in Chapter 2 with adult

trout exposed under similar conditions.

METHODS AND MATERIALS

Animals
Juvenile rainbow trout (Mean wet weight = 2. 46+0.02 g; n = 495),

were maintained in flowing tap~dechlorinated water. The fish were fed
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every other day, and mortalities were less than about 1% per week. The
‘[Na } and [Ca ] of the holding system were about 600, and 1000 nM,
reepectively, and temperature was meintained at 15:200;'

Exposure Media

All flux media were made from distilled water with saltsg added.
To facilitate net Na measurementa, and to more closely represent the
[Na ] of those waters which are most likely to suffer from elevated
‘copper concentrations due to acid precipitation, fish were acclimated
for 14. days to about 200 nM [Na I (Table 3.1). Forrthoae‘experimente
.conducted in- hardwater of 1low alkalinity (HL) the [CaZ+] of the
acclimation media was aboué 1000 aM, and for softwater, low alkalinicy
experimeénts (SL), the [Ca ] was about 25 uM (Table 3. ). Celcium was
added es;Ca(N03)2. For experiments conducted at PH 5.0, 0.1 M HNO3 was
used to titrate the water, and the pH wag monitored and adjusted every
15-30 wmin. Artificial hard, high alkalinity water {(HH) was prepared by
adding 1000 M CaCO and 200 uH Na™ to distilled water. The CaCO3 was
dissolved by bubbling with C02, and the pCO2 reduced to normal levels by
bubbling with air for 24 h.  Fish were acclimated for 14 days to about
.200 uM Nat and 1000 uM Ca(NOa) as in the other experiments using
artificial hardwater. Alkalinity was measured’ by titrating a known

volume to pH 4.0 with 0.02 M HCl. All experiments were conducted at

15+1°C.
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2+ +

Treatment pH [Nty [c17} | [Ca®") [K"] [Ammonia)

.

'HL 7.8 237+ 6 19245 1064420 6.441.1 8.640.5

SL | 7.8 ' L

223+2 187+ 1. 27+ 4 3.9+0.4 10.6+40.4

HL - 5.0 25743 234+ 4 1047+11 15.340.6 126 +1.5
SL 5:0 241+ 3 228+ 7  31% 6 11.1+0.6 110 +3.8
M 8.1 219+ 3 207414 1103428 =———- 12.7+1.6

.

Table 3.1. Tonic composition of high C32+ (Ht), low Ca2+ (SL), low
alkalinity, and high ca?t (HH), high alkalinity test media at the
beginning of flux periods for all experiments. Values are means + ] SEM

in nMo
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Ion Flux Measurements

| Fish were exposed to copper in 2 liter square bags constructed
from polyethylene sheeting, and sealed along the seams with a commercial
bag sealer. Polyethylene was chosen because copper uptake into the
plaatic was~}eas than 5% over a 24 h period at neutral pH, and even
lower at PH 5.0. Groups of 5 fish were expoeed for 24 h to 25, ‘50, 100,
- 200, or 400 ng/L copper in 1 liter of che. appropriate med{ium (Table .
3. 1), 80 as to form a matrix of high and’ low hardness, alkalinity, and.
pH. To reduce the streas of confinement, the figh were first

transferred to_ an identical flux bag for 12 hours. The flux measurements

-

were started by traneferring the fiah to bags containing the appropriate

[Cu +} and 22

Na at 37 KBq/L. Water samples were collected at 4 h
intervals. Sodium uptake (Jin) was determined.after'ZA h, or at the
" time of death, by connting the whole fish in a Nuclear Chicago gamma

counter, ag:

WBA o
W O
where WBA is the whole body activity in counts per minute, SA is the
mean specific activity (counts per minute/ uM), W is the welght to the
nearest 0.0l g, and t is the time of death in hours.

Whole booy copper uptake was meaeured simultaneously with %zNa

uptake, using 6‘!‘copper (3.1 MBq/L) and counting whole fish. For thyg

purpose we used the same formula ag for J (after first - ,/
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correéting'for the decay of 6ACObper, £, /2=768 min), but not diyiding'by
Ce A . "-

After allowing sufficient time for the compléte decay of 64":013[3121:'

3

(e.g., about 10 half-lives or SIdays), and recounting of the fish for

22Na ubtéke alone, each fish was digested in 5 mL of concentrated nitric

acid, and whole body total INa ] was measured with a Varian 1275 atomic
absorption spectrophotometer. From this information, it was possible to
- calculate net idsseS‘of_whole body [Na+] in individual fisgh ag:
) . ~
(Na]; - [Na™]
Jnet- g ‘ ’ (3-2)
& gxt

where [Na+] is the whole hody [Na ] for control fish (n=20); [Na]

the whole body total [Na ] for the particular treatment in pmol/g wet
waight and g and t are the wet weight and the time to death;

respegtively.

Sodium efflux (Jout) was calculated as:

iJout = Jin - Jnet ’ (3.3)

To assess the allometric differences in the effect of copper on juvenile
and adult trout, {t was necessary- to compare changes in whole body
exchangeable sodium. Whole body exchangeable [Na ] of control fish

([ﬂa]exc) was determined as:

22 . + .
[Na]exc- Na space x [Na } (3.4)

plasma °*
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Plasma was collected by caudal transection, and [Na ]pla smg Va8 measured

by .atomic absorption. Mayer and Nibelle (1969) showed that the sodium

space of eels ig uniformly labelled after about 10. h of exposure in'z2 a~1.
labelled water. To ensure uniform labelling of the sodium space in
trout, we exposeﬂ Juvenile rainbow trout (n=33) for 24 h in low
alkalinity hardwater (HL) Iabelled wicth 2-ZNa at 148 KBq/L; and.
calculated therzzNa space ag: . -

22Na spsce- (cpm/g wet- weight)/(cpm/mL Plasma), (3.5)

Whole £ish were counted for the. determination of cpm/g wet welght, and 5

ML aliquots of plasma were -collected- after udal transection and .

counted for the determination of cpm/mL plasmy. [Na+

]plasma and cpm/mL
Plasma were measured on the _same SEmples.

Because whole body chloride cannot be measured in acid digests,
and whole body potassium was variable, fluxes of chloride and\pocassium
were calculated frog changes in their concentrations in the media,
Ammonia fluxes were also calculated from changes in the fAmmonia] in the
wedia. Sodium and potassium were measured with a Varian 1275 atomic
absorption spectrophotometer. Chloride was measured with a Cotlove

chloride titrator, and ammonia was measured with a modification of the .

method of Verdouw_gg_gl. (1978).

Estimation of 24 h Losg o -

Mortalities were recorded at hourly intervals and the time to 50%
mortality estimated by the method of Litchfield (1949). The 24 h LC50

was estimated by the method of Litehfield and Wilcoxon (1949).
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Copper Uptake va. Sodium Uptake ﬂ

In a separate experiment designed to examine the correlation
between the aecumulation of copper and the inhibition of sodium uptake,"
fish were exposed to 50 pg/L ‘copper in low alkalinity hardwater (HL),
' ;1abe11ed with 1.5 HBq/L copper and 37 KBq/L ‘ :a. Groups of 5 f}sh
were removed at regular intervals for up to 24 h.  Whole fish were
ceunted and sodium and copper uptake calculated ag describedfiby

‘equation 3. 1, above.
RESULTS

Control Fi‘sh.

No mortalities were found amoné control animals at neutral pH, in
either hard (HL), or soft, low alkalinity (SL) water, or hard, high
alkalinity (HH) water. Whole body [Na'] was 54.8+3.0, and 54.4+42.1
pmol/g in HL and SE figh, respectively. Whole body [Na+] for HH fish
was 65.0+1.4 )mmol/g. This change occurred over the 4 month period
between the two groupe of experiments. Radiosodium space wag determined
to be 27+4%, and plasma [Na }, 15245 mM (n=33); therefore, the
exchangeable Na pool at neutral pH was determined to be about 75% of
the total whole body [Na l. For control fish, net sodium fluxes could
not be reliably calculated from changes in whole body [Na+] because the
changes were so small, Therefere, they were calculated from changes in
the [Na+] of the flux media. Although control fish initially lost ions
immediately after being transferred from the acclimation bath to cthe

flux bath, net Na+ fluxes were +51+30, +35453, and +25+20 umol/g.h for



54

e cy e, - e e ey T

 Fig. 3.1 Sodium baldnce. a2.) Net sodium loss rate - of juvenile.
| rainbow trout exposed to copper ‘for 24 . h, or unl:il death. Means + 1A

SEM.  For high (HL) and low ‘(SL) Caz » low alkalinity waﬁet at

neutral pH, n-ls for high (HL) and low (SL) Ca2 » low alkalinity

-.water a‘t pH 5»0, n-lo, and for high (HH) ca?t ’ high alkalinity water
‘- at neutral PH, n=20. b.) . Sodium iriflux rate. Sample 8lze as in

figure 2-1&, except‘. that n=10 ‘in Mgh (HH) Ca » high alkalinicy

‘water. ¢, )' ' Sodium efflux rate. Sample gize as in figure 2.1b.
' L}
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) HL, Sh. and‘HHliish respectively (Fig 3. Ia). Ccntrcl fiSh-aIso'lost :.
KT, and C1~ immediately after. transfer, but. again, thesge: lossee were-
negligible by the end of the 24 h Flux period (Table . 3.2). Ammonia
efflux was ahout -1000 nmol/g h in HL, SL and HH water (Table 3.2).
Sodium uptake’ (J ) was ' about 600 nmol/g h, and there was no
significant difference between HL,, SL, and ‘HH water (Fig 3.1b). Because

the fish were in sodium balance for the 24 h flux period, sodium efflux

was also about 690 nmol/g.h in all control conditions (Fig 3.ic)%

Effects of Exposure to pH 5;0'

- " Control fish ‘exposed to pH 5.0 without copper lost between‘7 to
102 of their exchangeahle Na within 24 h, bnt nowmortalitiee occured'
(Table 3.3)- Net ‘K+ losses were also found, but these were not
significantly different from those at neutral pH (Table 3.1b). Net
chloride losses were found (Table 3. 2), but were always iower than Na'
losses (Fig. '3.1a). There was no significant effect of PH on ammonia
efflux (Table 3.2).  Sodium uptake was inhibited by about 25% in HL, and
by about 50% in SL at PH 5.0 (Fig 3.1b). This was the only significant
effect of water hardness (Appendix A, P+ 1534). Sodium efflux (Jout) was

about the game in HL at pH 5.0, as at neutral PH, but was abour 28%

lower in SL at pH 5.0 than at neutral pH (Fig 3.lc).

Effects of Copper Exposure on Net Sodium Balance

, + -
Exposure to 25 ug/L copper led to net Na , K+, and C1 losges
within 24 h (Fig 3.la; Table 3.2), but there wag ne significant effect
of water hardness within this time. The net ion loss rate increased

TN

!
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“linearly with copper concentration (Fig 3. la°HTable 3.2). A significant
inhibition of ammonia efflux was found at 400 pg/L copper at. neutral pH
in both HL and SL (Table 3. 2).

Fish exposed to 25 and 50 ug/L copper at pH 5. 0 experienced
larger net Na© lossgs than those exposed at neutral pH (pH accounted for
‘about 192 of the combined effects of pH and copper), but there was no
‘eignificant effecc of either pH, or hardness from 100 to 400 ug/L (Fig
3.la), so thac copper alone accounted for about 802 of the loeses found
over the entire range of copper’ concentrations tested (Appendix A).
. There was no significant effect of pH on either K s Or Cl net losses at
any copper concentration (Table 3.2). Ammonia efflux was significantly
inhibited at 200 and 400 pg/L copper in SL but not in HL at pH 5.0
(Table 3.2),

Exposure of figh to copper in high aikalinity, hardwater (HH),
significantly reduced the effect of copper on’ net Na+, and C1~ losses,
but had no effect on net KW losses (Fig 3.la; Table 3.2). Thus, HH fish
suffered overall lower ion loss rates than either HL; or SL fish (Fig
3.1a; Table 3.2), and, furthermore, no net Na*t or C1~ losses were found
at 25 ug/L. Ion losses increased ag copper concentration increased from
50 to 400 ng/L, but the ameliorative effect of HH was also more apparent
as the copper concentration increased (Fig 3.la; Table 3.2). Alkalinity .

had no significant effect on ammonia efflux (Table 3.2).
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4
Effects‘of Copper on'Sodium Influx .,‘ v

Exposure of juvenile trout to copper . resultéd in a

concentration—dependent inhibition of sodium influx (J ) However,

. there was no significant effect of _water. hardness on the inhibition of

in by copper (Fig 3. lb' Appendix A). At neutral pH the inhibition of
J1ti appeared to be logarithmic with copper concentration, with most of
the inhibition‘of Jy, occurring between 25 and 100 pg/L, FFig'3.1b). At
100 pg/L, Jiﬁ was inhibited by about 65% (Fig 3.1b). At 25‘and 50 pg/L
copper.'e;pooure to pH 5;0 led to a significantlf greater inh;bition of
Jin thao was fouod for copper exposure alone }Fig 3.1b). At 100 pg/L,
Jin was inhibited by about 72% (Fig. 3.1b). Howeoer, there was no
effect of pH on Jin above 100 pg/L copper Sfig. 3.1b; Appendix A), and
the effect of pR was not strictly odditive with that of copper even at
the loocr copper concentrations (Fig 3.1b).

| The inhibitory effect of copper on J;n wos sigoificancly Feduced
by exposure in HH water (Fig.,3.1b). There was no significant effect of
copper at 25 ug/L, and copper was abour 20 to 30% less inhibitory at all
copper concentrations tested (Fig. 3.1b). As in HL and SL at neutral
PH, most of the inhibition of Jin occured betweeh 25 and 100 ng/L copper

(Fig. 3.1b).

Effects of Copper on Sodium Efflux

There was no significant effeet of copper on sodium efflux (J ut)

from 25 to 50 pg/L copper, in HL or SL at either neutral pH, or pH 5.0
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Fig. 3. 2 Eatimation of 24 h LC50 for copper exposed juvenile rainbow
trout. ‘For neutral pH, high and low Ca2 , low alkalinity water,

- n=15, for pH_S-O, high and low Ca2 water, n=]10., Line fitted by eye.
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' Treatment pH

Copper, ng/L

Control 25 50 100 200 400
HL . . 7.8 : )f o
Juveniles F0.3 -10.8 -14.5 Fo 333 g 65.6
adults S04~ 6l - 92 -5y - 21.6  N.D.
SL 7.8

Juveniles T05 - 115 -16.2 - 30.6 - g3.9 60.8
adults + 2.8 - 72 - 8.6 - 12.8 - 24.3 N.D.

AL 520 . }
juveniles =10.1 -17.9 - 23.2 - 36.2 = 56.9 53.2
adults - 9.2 N.D. N.De - 14.8 - 21.7 N.D.

SL 5.0 |
juveniles ST S 17.1 - 2001 - 347 - gs.g 60.8
adults - &-7 N-D- - 13-6 - 20‘5 N-Do N-Dn

i 8.1

juVel’lileB - 0-4 - 0-5 - 1-0 - 207 - 11-5 3905
N.D. N.D. N.D. N.D. N.D.

adults

Table 3.3. Change in mean

percent whole body exchangeable sodium in

Juvenile and adulc rainbow trout exposed to copper for 24 h.

from Laureh and McDonrald (1985).

N.D.= not determined.

Adult data
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(Fié. 3 le; Appendix A). . However, a significant increase in J out ¥as
found from 100 to 200 pg/L in H1 and S1 at both neutral pH, andlpH 5.0
(Fig. 3.lc; Appendix A). ' '

In contrast to HL and SL, no atimulation of J ut was found in HH

until between ZOPcand 600 #g/L copper (Fig. 3. lc).

Mortalities

Fiah died when they had lost about 55% of their whole body
exchangeable Na . This occured at 200 and 400 ng/L copper in HL and SL
fish at neutral pH and pH 5.0, but only at 400 ug/L in HH (Table
3.2). There was no significant effect of either water hardness or nH on
mortality during the 24 h of coppcr exposure, and the predicted 24 h
LC50 for both HL and SL f éﬁ at neutral pH and pH 5.0 was about 90 Bg/L
(Fig. 3.2). The slopes Sfﬂine time to death vs. copper concentration

for HL, SL, at neutral pH, and pH 5.0,_were parallel, Indicating no

differences in the mechanism -of toxicity (Fig. 3.2)._ Insufficient

is in excess of 400 ug/L copper.

Copper Uptake

Copper uptake among fish whick survived for 24 h wasg linear with
copper concentration up te about 100 ug/L, and then leveled off (Fig.
3.3).  There was no significant effect of water hardness on copper
uptake by juvenile trout at neutral pH (Fig. 3.3). However, there was a

significantly higher copper uptake among fish which died before 24 h.
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Aé 200 and 400 ug/L; éopper:;ptAkeiﬁh fiah'which'&ied was 441+69 and
12104111 ng/g"in HL, and 594471 and 1359+186 ng/g in SL, whereas copper
uptake in survivors reached a maximum of about 360+50 ng/g.

There was a significant 1nhibition of copper uptake at pH 3.0 (Fig.
_3.3)-' Again, there was no significanc effect of water hardness, and
copper uptake leveled off at about 100 pg/L (Fig. 3 3)}. Copper uptake
was also significantly greater among ,fish which died before 24 h than
those which survived for 24 h. Thus, at 200 and AOO‘pg/L copper uptake
for fish which died was 534+86. and 816+90 ng/g in HL, and 497+63 and
1221+166 ng/g in SL at PH 5.0. Thus, there was iess effect of pH 6n
copper uptake among fish which died before 24 h than among survivors
(Fig. 3.3). . . .'

High alkalinity'bardwater (HH) did not significantly affect

copper uptake relative to low alkalinity hard or softwater (Fig. 3.3).

Copper Uptake vs. Sodium Uptake

This experiment revealed that, at least at 50 ng/L copper in low
alkalinity hardwater at neutral pH, copper uptake was not constant with
time, and the rate of sodium uptake was progressively reduced (Fig.
3.4a). The copper uptake rate during the first hour wasg 88.42+11.69
ng/g-h; this accounted for about 50% of the total copper accumulsated
during 24 H (Fig. 3.4a). The time weighted mean uptake rate from 2 ro
24 h was only 4.17+1.42 ng/g-h (Fig. 3.4b). No inhibition of Ji, was

found during the first 2 h of coppet exposure (Fig. 3.4a). From 2 to 4.
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Fig. 3.3. COpper uptake of juvenile rainbow troua ﬁhich survived
€xposure to copper for 24 h. Means + 1 SEM. . For neutral pH high‘

-

and low CaZ+, low alkalinity' water, n=15, for pH 5.0, high Ca?'+

~ water, n=10, and for high Caz+, high alkélinity water at neutral pH,

n=10,
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Fig. 3.4. a.) Coppef uptake ('A‘), and aodium uptake rate (®) of

Juvenile rainbow trout expoaed to 50 }.lg/L copper in low alkalinity

- 4

'hardwater at neul:ral pH, for varying periods of time. Mean’s + 1 SEM,

n=5. b.) Copper uptake rate. Heans, n-S.. These values were

u

[ ._.__.e_...._._....._.-.__'.._;_.'_..__c.--.--‘.-x--w-sv-.r-_'v,';".. et
T .- . R

calculated by subtracting the copper. uptake (ng/g) during the 3

previous eéxposure period, from the copper uptake (ng/g) from time 0

to time t, and dividing the difference bybt:.

.

TEWA AL
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'h. the copper uptake rate had increased above the 2h value (Fig. 3. 4b),

v and Ji was significantly inhibited (Fig. 3. Aa). Copper continued tp -

r

éccumulate at a Blower raCe, and Ji continued to decrease for. the

'remainder of'the exposure (Fig. 3.4a).

. DISCUSSION : , I _ .

: Effects of Alkalinity on Copper Toxicity .

_By varying only alkaliniuy, while maintaining hardness, [Na 1,
and pH constant, it has been. shown that alkalinity. not hardness, is fhe

major -modulator of bhort-term copper toxicity to rainbow. troushv

. ,ﬂ?urthermore, it has been shown that the physiological basis for the

ameliorative effect of increased alkalinity lies in thaﬁgeduced effect

of copper on both sodium influx and efflux, g This confirms the

LY

hard and softwaters are dependent upon carbonate compiexation capacicy_'

-

rather than hardness. Similar concluiafns were reached by Andrew (1976)

for fathead. minnowa (Pimephalea Promelas), by Sha® and Brown (1974) for

rainbo;’trouc, &nd by Zitko and Carson (1976) for Atlantic salmon (Salmo
‘ \ .

lsalarz. o A ;(y’#V

-~

Previous stmiies have - shown that Ancreases in alkalinity reduco

.

ra
LS

cbppe?;;oxicity to trout, but these studies used 1ethality as the only

*-iiiﬁicator of the effects of, ater chemistr?‘ih)éopper toxicity (Sh%w andt

e

Brown l_.h; Zitko andJ Carsqn,‘ 1976; Howarth and- Sprague, 1978;

Chakoumakos et al., 1979; . ‘Miller and chka}, 1980).. I the_present

e ‘ ﬁ-
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}gtudy, it has - been ‘shown that the phgaiological basis, for these

ameliorative effects lies in the reduction of the effects of copper . on

.

branchial ionoregulatory function. This protective effect _is" als

fast-acting (i.e., found within 24 h), and apparent at sublethal levels

/ of copper. ~ A - o

Alkalinity affecta the physical form of the-toxicantﬁ(stiff,“~nﬁ
1971) by way of the. equilibrium. betwaen the toxic species, €u2+, Cu0H+,
and cuouzo, and the non~toxic carbouate species, CuHCO3 s CuCO30, cnd-
Cu(C03)2 (Chakoumakos et al., 1979). Thus, in natural low alkalinity .
- waters, regardless of pH, non—carbonate species of Acopper would
. N ‘ A
’predocinate (c:g., from about 992 at pH 5.0 to about 65 at pH 7.6). 1In
the present study, carbonate species wcte kept low by the use of only
caleium q!trate, as opposec to calcium.cafbonate salts. Nitrate salts
were chosen because nitrates are non-toxic in themselves, and because
copper nitrate dissociates completely in water (Sillen and Martell,
1964). 1In contrast, in high alkalinity experiments, non;toxicrcopper
4?‘ carbonate species would predcminate as they would in natural high

. alkalinity waters (e.g., about 677 at. pH 7. 4 Chakoumakos et al., 1979;

,—; Howarth and Sprague, 1978). _ N - . .

Effects of Hardness on Copper Toxicity

It was also confirmed that water [Ca f] plays no .gignificant role
in short~term copper toxicity (Chapter 2) Zitko and Carsonf (1976) also

found no effect of water- hardness on LTSO coxic?ty tests of Atlantic .

P -
- v =

k ' salmon, exposed- to copper.' Vevertheless Chakgumakos et al. (1979) and
w . - ’
B . ! ' > . B . . .
' ' ' . e G T
"1 . ) A"
L ' \:;_ - ~
‘-‘_-_ ‘:f} . . —
Ak ; -
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Miller and Mackay (1980) have shown a significant effect of water
“harduess on the 96 h LC50 and 15 day ILC50, respectively. These
differences in the effect of calcium may be resolved in at least two

~ways. First, the Eish ueed by Chakoumakos et al. (1979) and Miller and

‘,Hackay (1980) were acclimated -to softwater for only 2 to 3 days.‘ Such

short acclimation times would increase the .apparent effect of calciu
,decreasing the fitness of the softwater fish (i.e., incomblete
acclimatipn;-‘see nechanisms of TOxicity). Secondly, Lloyd (1965)
‘suggested that hardwater fish must lose calcium before they become as
sensitive to toxic metals as softwater figh. At low pil; McDonald
(1983a) suggested that H displaces calcium from the paracellular tight
junctions of the branchial epithelium, leading to the stimulation of fon
loss. However, no effect of hardness on low pH stressed rainbow trout
was found untiil after 40 h of exposure to pH 4 3 (McDonald et al. .1980).
Thus, even in fully ecc}imated‘ softwater f£ish, the displacement of
calcium takes longer than 24 h to bpe expressed Iin a wmeasurable
physiological response., |

Caleium. {8 known to exert considerable control over the
permeability of the gill itgelf (Potts and Fleming. 1971; Cuthbert and .
Maetz, 1972; Oduleye, 1975; Eddy, 1975) Removal of calcium from che
medium stimulates lon loss and water uptake, and i{nitiates a suite of
physiological responses, which over the course of several weeks leads to
an increase in the thickness.of the mucus coat (Wendelaar Bonga, 1978)..
and increased laevelg of the calcium—binding.nrotein, calmodulin (Flik_gg

al., 1984). The objective of thege adjustments seems to be the
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maintainance - of a high calcium micro-environment around the branchial
epithelium, a. conclusion supported by the observations of MeWilliams

(1983) on higher caleium binding on the g1lls of softwater acclimated

’ fish, Thus, sub~lethal, or chronically toxiec levels of copper may only

slowly displace calcium from the gills:1and this slow displacement may
allow additional adaptive responses such as the proliferation of
chloride cells (Chapter iﬁ‘Laurent et al., 1985), and‘the‘stimnlation of
calcium uptake (Perry -and Wood, 1985), which further act to retain
calcium, Nevertheless, beyond about 40 h, softwater acclimacad fish are
'still less resistant to low pH than hardwater fish (McDonald et al.,
1980), and the same would be expected for fish exposed to copper.

Thus, it seems likely that alkalinity, as the most important
determinant of copper speciation, is the major short- —“term determinant of
copper toxicity, but that mucus=, or membrane-bound calcium, as the
major determinant of gill permeability, plays a significant longer-term

role in wodulating the biological response to this toxicant.

Effects of pH on Copper Toxicity

It was also confirmed that exposure to copper at pH 5.0 does noo \\\
significantly incrkase the toxicity of copper eoncentretions above 100
1g/L, but that the per Na© losses found from 0 to 100 pg/L at pH 5.0
were the result of the independent effects of copper and H+. A similar
situation was found with adult trout exposed to coppe; at PH 5.0, and

suggested that this phenomenon may be explained by the ability of copper

to compete directly with H for the same site of toxic action, and

.
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~ therefore exert a pure copper effect at high eopper concentrations

(Chapter 2). 'Since ionic copper, Cu2+, is much more abunéant,at pH 5.0.

than at neutral pH, and since Cu(OH) are the major non=-carbonate
speclies expected at neutral pH in our system, the failure to find a
difference in toxicity between neutral pH and pH 5. 0, suggests these are
both toxic forms of copper.

H+ alone causes significantly greater inhibition of Ji in SL
than HL juvenile trout. This effect of water hardness is the same as
reported by McDonald,et al. (1983) for adult trout exposed to pH 4.3,
but 1is the opposite of what was found with adulc ‘trout at pH 5.0
(Chapter 2). This ig probably due to the greater sensitivity of the

Juvenile fish used in the present experiments, and the large difference

in [H ] between pH 5.0 and pH 4.3.

Mechanisms of Toxicity

As with adult fish_(Chapter 2), J, was wore sensitive to copper

in
than Jout' However, the stimulation of efflux was found at 100 ng/L o in
Juvenile fish, asg opposed to 200 ug/L in adults.

Juvenile rainbow trout die when they lose about 50 to 55% of their

whole body exchangeable Na+. This occured in Juveniles at abour 200

ng/L eopper, 4 concentration which did pot cause death within 24 h in
adults, and regsulted in only about a 232 reduction in exchangeable Na+
in adultes (Table 3.3). Thus, copper causes about twice the net ion loss
in juveniles as in adults (Table 3.3). The basi€ for this phenomencn

lies in thé 2 fold increase 1in sodium efflux rate between adult and

¢
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Juvenile trout. Thus, a given percentage of inhiﬁition of Jin Na+'wou1d
lead to twice as’ large a net loss of Na+ in juveniles as in adults,
This ‘may be” explained by .the nearly 2 fold ihcrease 1nl the weight
specific surface area of .the gili in -Juveniles compared to adults ’
(Morgan, 1971).

A 24 nh LCSO'Qf 90 pg/L vas calculated for juvenileirainbow trouﬁ
in low alkalinity water, regardless of the hardness and pH. " As the'
slopes of the mortality'lineslwere not significantly diffgrent; there is
no Buggestio; that the mgch;nism of toxicicy changes witkf’gither

_Rhardness or pH. Howarth (1976) also found 24 h LCSO§vaIues of 75-125
//ug/L in low alkalinity water. In the high alkaliﬁity experiments, too
few fish died within 24 h for the accurate estimation of the 24 h LC50.
Howe;er, the few deaths that did occur, suggest that thisg figure would
be in excess of 400 pg/L. Thus, the effects of high alkalinity on
sodium balance are well correlated with the amelioration of lechality.

Several authors have suggested that organic complexation, like

carbonate complexation, may explain the.wide range of 96 h LC50's found
in different studies of ‘copper toxigity (Spear and Plerce, 1979;
Alalbaster and Lloyd, 1980). By measuring whole body. ions, yet another
possible 'source for these.discrepancies has been iden;ified. When troeut
are transferred to media of a lower [Na+], or [CaZ+], they lose Nat
until they reduce Jout Na+, and increase Jin Na+. Thesg losses are
somewhat additive, such that fish exposed to both a reddeed [Na+] and
[Ca2+}, lose more Na+ than those expos;d to- odly a reduced [Na+] or a

+ ' '
reduced [Ca2 l. Thus, unless the fish are first acclimated to their
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respective assay media for at least 2 weeka prior to the beginning of an

experiment, the fish would likely exhibit lower whole body [Na ] before

the addition of toxicant. Published acclimetion times for 96 h LC50

determinatione range from 2 to 3 days (Chakoumakos et al., 1979; Miller
and Mackay, 1980) to 13 days (Howarth and Sprague, 1978). Furthermore,
none of the previous studies (Howarth and Sprague, 1978; Chakoumakoa.sE
al., 1979; Miller and Macksy, 1980, varied hardness, alkalinity and.
[Na+] independently.: When alnalinity is adjusted with NaHdO3‘
(Chakoumakqs et al., 1979; Hiller‘and Mackay, 1980), or by diluting
natural hardwater with. distilled water (Shaw and Brown, 1974; Howarth
and Sprague, 1978). up to 40~fold changes (e.g., 25 to 1000 MM as CaCO )
in [Na 1 ocecur. In this respect, it 1is intetesting to note that Brown
(1981) found that increasing the water [Na ] increases the survival of

trout exposed to low pH. Thus diluting natural hardwater to produce
sof twater would be expected to decrease survival because the [Na 1, as

well as hardness and alkalinity, are reduced.

Copper Uptake vs. Toxicity

In 24 h experiments. apparent copper uptake was not ;well
correlated with the physiological effects of copper. In high alka{inity
water, copper upcake was the game as ip low alkalinity water but
toxicity wasg reduced while at pH 5. 0, copper uptake was only about 50%
that found at neutral pH but the toxicity was the same. One possible

reason for these discrepancies 1s that a large portion of the calculated

whole body copper uptake may not have entered theabody at all, but wag
~

.



epoarently-due to the binding of copoer to the body surface alone, and
that this hiéh degree of surface binoiné may nave masked small, but
significant, differences in the.'amount‘-of copper which lactually
penetrated the gill. At 50 pg/L copper 1in low alkalinity hardwater at
neutral pH, copper uptake was very' high for the first hour of exposure,
but decreased rapidly with time. Such a’ change in the rate of copper

uptake may be interpreted as the rapid loading of a small volume pool,

such as the body eurface, followed by a much slpwer rate of transfer to

the internal body tisaues. Copper uptake during this period of rapid

uptakejaccounted for about 50% of the total copper accumulated during 24

-
- .

h. ‘ .

The slower phase of copper uptake is apparently the only component
of the total, short-term uptake which is. important to toxicity, since
the-sodium uptake rate was progreselvely inhioited during the slower
period of copper accumulation, 2 to 24 h, but no inhibition of the
sodiun uptake rate was found during the period of highest copper uptake
rate. Despite the fact that the copper accumulated during this slower
phase of copper uptake accoqbted for about 50% of the total copper
accumulated during é& h, it will be shown that more than 95% of the
copper accumulated in Juvenile trout exposed to copper for 28 days, was
found in tissues other than the gills (Chapter 4), Therefore,_only a
small portion of the copper accumulated during"this slower phase of
uptake, actually stays in the gills.

It is hypothesized that toxicity should be correlated with the

actual amount of copper which enters'the"lﬁh, rather than the apparent

&
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uptake which includes surface binding. If this is true, then the

reduction of toxicity in high alkalinity. water must have been due to an

increase in the portion of the whole body uptake attributable to surface
binding, l.e., a reduction in uptake-.l ?urthermore, the reduetion in
apparent uptake at pH‘$ 0 with no reduction in toxicity, must have been
due to a decrease in the portion 8¢ the whole body uptake .attributable
to surface binding ,. i.e., an increase in actual uptake, In this
respect, Miller and Hackay (1982) have shown that the copper binding
capacicy of mucus from rainbow trout is progressively reduced as pH 'is
decreased, and it might be expected that mucus binding would be a major

component of surface binding in fish. The other possible explanation

"for the appareet lack -of correlation between uptake and toxlecity is that

the more toxic copper species, Cu2+, was taken up at pH 5.0, while the

non—toxic copper carbonates were taken up in high alkalinity hardwater.

- Longer term experiments would be required to resolve these questions.

Z



CHAPTER 4 ’

- ACCLIMATION TO.COPPER BY JUVENILE TROUT:

PHYSTOLOGICAL MECHANISMS
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INTRCDUCTION

Al though copper; zinc, cadmium, and mercury can be acutely toxic’
to fish, numerous laboratory studies have shown that prior sublethal
exposure to.metals can result in enhanced lethal resistance (Chapman,
1978; Bbuquegneau, 1979, Pascoe and Beattie, 1979; Dixon and Sprague,
1981a; Buckley et al.; 1982; Duncan and. Klaverknmp, 1983) Fewer

es have demonstrated true acclimation of fish to metals, eSpecially -

to the pre-expoeure steady sﬁate, ‘during the continued
pnesence of the stréssor (Prosser, 1973). Apparent avclimation to
copper has been shown by McKim et al. (1970), and Lett et al. (1976),‘
but very little is known about the physiological basis for this process.
Thus, the objectives of the present study were 1) to determine if true
acclimation to copper occurs in the. laboratory, and 2) to describe some
of the physiological changes which occur during acclimation. qf
In Chapters 2 and 3, it was demonstrated that the primary site of
sub=lethal copper toxicity te rainbow Vtrouc is the sodium _transport
nechanism of the gills. Many authors have shown that sodium uptake i;
be described by Michaelis~Menten kinetics '(Kerstepter et al., 1970;
-Maetz, 1972; DeRenzis and Maetz, 1973), and thus may be analysed in
. terms of saturability (Jmax)’ and af%inity ‘(Km) for substrate. g;
addition, the nature of the inhibition of ion uptake (e.g., competitive,

’

non=competitive) may be determined (DeRenzis, 1975). If trout are able
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to acclimate to copper, thls acclimation should occur at. the primary
site of toxie insult, the gills, and should be apparent in terms of“
velocity and/or affinity of aodium uptake. In order to test this
hypothesis, juvenile ralnbow trout were " exposed to ‘# sublethal :

concentration of copper for 28 days and the kinetics of aodium upteke

were analysed at regular intervals.

HETHODS and MATERTALS | : -

-

kinetics and whole body sodium concentration, In order to test for

reproduclbiltty, this experiment was repeated. The second series of

experiments examined the effects of short~term copper exposures on

sodium uptake and whole body sodium concentration.
2

"Animals

Juvenile re}nbow trout {mean= 2.77 B Wet wt + 0.22 (SEM), ranges=
1.05 - 5.71 g; n=490) were maintained in flowing dechlorinated natural
hardwater (pH= 7.8+0.1, [Na*]= s95+25, [C17]= 890+34, [Ca®*1= 1040451,
[aﬁmonia]- 2B+7, and [titratable alkalinity)= 875+25 uM (fixed endpoint
titration to pH 4. 0), n-8) In the first type of experiment the fish
were expoaed to copper in a flow-through system for 28 days, and allored
Lo recover in the absence of copper‘fér 7 days. The fish were fed daily
for the entire period of exposure and recovery, and no fish died during
either €Xposure or recovery. The experiments were conducted at 15+1 %

with a daily photoperiod of 14 h light, and 10 & darkness., ° Copper stock

&

o e+ ek et e o —
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(as Cu(NO3)2) was merered by a peristaltic pump into diluent water in a_
head Cank. This tank, in,turn, fed 8 eeparate 80 liter tanks at a rate
of 75 e}/ n each.. Each tank was aerated and contained 40 fish.. Under
these conditions each tank received about twice the minimum daily volume
replacgment ‘recommended by Craig and Beggs (1979) for - copper. The.'
copper concentrations in the fiah tanks were - measured daily and averaged

54 9+1.7 ng/L (n-28)

Sodium Uptake Kinetics

At weekly intervals, a suhsample of fish fromw the flow-through
copper exposure was transferred to individual flux chambers.‘ In order
to measure Na uptake kinetics the fish were exposed for 2 h to

approximately 25, 50, 100 200, 400, 600, or 800 uH Na s labelled with
22

148 KBgq/L Na. Five figsh were exposed at each of the sodium

concentrations aﬁd coppEr (55 ug[L) and caleium (1000 puM) were held"

——

e
constant. On day 0, before the exposure began, and on day 1 and 7

following the end of copper exposure, fish were exboaed for 2 h to the
same conditions Ss above, but without copper. f %nidirectiona& sodium
flux measuremenra were conducted in covered' aerated, 500 mL
polyethylene oontainers each holding a sinqle fish, and filled with 250
wl of medium. Sodium influx (Jin) was calculated from measurements of
whole body 22Na according to equation 3.1, except that ¢ was 2 h.

~
Lineweaver-Burk transformed data (Le.,. 1000/J vs. 1000/[Na+]) were

evaluated by least squares linear regression and the resulting equations
wr '

A
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.- used to eetimete the kinetic.perametere,‘Jﬁax end Km, where_Jmax = the
x-iniercept, and 1/K = the y-intercept.

Prior to flux meaeuremence, each fish was transferred to and held
for 30 min in 3 250 mL rinee bath, and chen transferred to the flux

chamber. This allowed the fish ro adjust to cenfinement in the flux

system. The rinse water was identical in composition to that of " the
flux chamber water. Duripg flux measurements, water samples were

'collected at time 0 (prior to the addition of fish), at 60, and at 129

min. The figh were then killed by cervieal dielocation,'weighed,‘and,

counted in a gamma counter, - : ]

fa

Whole Body and Water Ion Measurements

‘Fdllowing gamua counting, the fish were digested in 5 oL of

concentrated nitric acid., These digests, as well as the weter samples

+

collected during the experiment, were analysed for Na s K, Ce2 ; and

Cu2+, with a Varian 12?5 atomic absorption epectroPhotometer. Lanthanum

chloride was added,to Ce2 samples to reduce the interferepce due to the

"

high Nal levele. ) ]

L
T e e .
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Short-Terf Copper Exposures

- In‘thie seriee, juvekile trout were firse exposed to 100 pg/L
copper for 24 h in artificial hardwater (200 {uM NaCl, ’ and - 1000 M-
Ca(NO ) pH 7 8), and then exposed for an additional 24 h to 0 50,
100, or 200 ug/L copper; At the end of this period the fish were killed
and analysed for whole body Na* as described above. The values so0

. . r
—,—-—_‘M - . - . . L '
- .. : 4

.

>
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cbtained were compared to values previously obtained for fish exposed to
0, 50, 100, and 200 Bg/L copper for a _single 24 h period (i.e., no prior

copber exposure; Chapter 3). 1In addicion, Jin Na+ was also measured as
e

described above. For both groups of fish, sodium efflux constants were

calculated usiﬁg the exponential decay equation:

-[Na]tO x e_dc, (4.1)

el N
. -

~

which can be rearranged as:
: \

(1n[Na]t0)-(ln[Na]t2A)

. : dm
' ' t

» (4.2)

where [Na]to is the mean whole body [Na+] per unit weight at cthe
beginning of a 24 h period of exposure; [Na]tza is the mean whole body
[Na+] at the end of a 24 h period; { is 24 h; ané d is the sodium efflux
constant. This is a dimensionlegs value which estimates diffusional
efflux, independent of the Na+ gradient, providing certain conditions

are met (see Results, below).
RESULTS

Reproducibility of Resultg

In order to test the reproducibility of the results, the uptake
kinetics experiment was run on two separate occasions. The first
experiment was begun on February 20, 1985, and the replicate experiment

was begun on April 16, 1985. There were no significant differences



Fig. ﬂ- Inhibition and recovery of sgodium uptake in Juvenile
rainbow trout exposed “to 55 ug/i. copper in natural hardwater at
neutral pH.  Means + 1 SEM, n=10. Symbols are as follows:
Pre~exposure controlé (0);‘de:y 1 of coﬁper exposure (®); day 7 (a);

day 14 (w); day 21 (v); daf} 28 (#); recovery day 1 (a); and

. recovery day 7 (o).

NN
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between the results of the. two experiments in regard to water copper
concentration, sodium uptake, or whole body lons. Therefore the data

were pooled for anélysis.

Effects‘of Copper on Sodium Influx

| In .control fish, sodium {nflux (Jin) exhipited apparent
saturation kinetics {day 0, Fig. 4.1). Although the gili is a complex -
organ, and thé nature and location of the sodium transpprt mechanism is
not 'known, Jin Nat could be effectively described using the
Lineweaver-furk procedure for estimating kinecic parameters (i.e., Jmax,'
(Fig. 4.2a) and Km (Fig. 4.2b). For control fish, this vielded a
maximal uptake velocity (Jmax)_ of 540+37 amol/g.h, and an apparent
affinity for substrate (Km) of 57+4 nM.

After 24 h of exposure to 55 ng/L copper, there was significant
inhibition of Jin at all Na+ concentrations relative to control values
(day 1, Fig. 4.1). The apparent Jmax and Km were calculated as 244428
nmol/g.h, and 118 + 2 uM, respectively (Fig. 4.2a, b), representing a
55X reduction in maximal velocity, and a 49% reduction in apparent
affinicy.

Following 7 days of copper exposure, Jmax ﬁad recovered relative
to day 1, but ;as still only about 59% that of‘control values (Fig.
4.2a). After 14 days, Jmax was about 77% that of controls, a

significant increase over the day 7 wvalue (Fig. 4.2a), The apparent

affinit& of the carrier was estimated to be 98+0.1 pM on day 7, and
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Fig. 4.2 a.) Maximal velocity (Jmax) calculated by linear
regresaion of Lineweaver-Burk transformed data in the form 1000/J -

vs. 1000/[Na ]. Means + 1 SEM, n=60. b.) Apparent affinity (Km)

calculated as in 4,2a.
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101+0.7 uM Na* on day 14 (Fig. 4.2b). Thus, K was still inhibited by

about'qzz relative to controls,

A general trend for_th? gontinuing recovery of Jin was_found frém
days 14 to 28, but most of this was significﬁnt only at about 25 uM Na*
on day 21, and at 25 and 100 wM Na® o day 28 (Fig. 4.1). Mo
gignificant changgs were found Eetween days 21 and 28. On day 28 Jmax

was still inhibited by about 14% (Fig. 4.2a), but this was not

significantly different’ from control values, whereas Km wag still,

‘significantly inhibited by about 31%Z relative to control values (Fig.

4.2b).

After 28 days the fish were LCransferred to natural tap
dechlorinated hqrd;ater where the ambient copper concencration.gas less
than 5 ng/L. Within 24 h of recovery, no significant differences from
control valﬁes of Jin Nat were found except at the 600 pM (R1, Fig. 4.1)
where Jin was significantly higher than found under control conditions.
Jmax was calculated to be 630+15 nmol/g-h (Fig. 4.2a), but Km was sti{ll
inhibited by about 23% (Fig. 4.2b). After 7 days recovery in
copper—free water, Jin at 600 uM Na+.was still significantly greater
than under pPre—-exposure control conditions (R7, Fig. 4.1). Despite this
difference, Jmax was 510+71 nmol/g.h, and Km was 57+8 uM. These values
are nearly identical to thoge of controls found an day 0 (i.e., 540+37

-~

nmol/g-h, and 57+4 uM; Fig. 4.2a, b).
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Effects of Copper on Whole Body Ions

in control fish in natural dechlorinated hardwater, whole body
Na*, k%, and ca?t concentrations were 56.9+1.2, 98.9+2.8, and 78.5+2.2
pmol/g wet‘wt. (Table 4.1).
+ + 2+
Within 24 h of exposure to copper, whole body Na , K, and Ca
concentrations decreased significantly, to 49.8+0.6, 93.9+0.7, and
74.8+1.1 pM/g, reséecc;vely (Table 4.1). For Na+, this amounts to an
average net loss rate of about 295 uM/g.h, or about 12.5% of the whole

+
body Na concentration.

. K+, and CaZ+

After 7 days of copper e#posure. whole body Na+
concentrations had recovered completely (Table 4.2), and‘these values
were maintained for the duration of“the experiméﬁt. Whole boedy K+
increased significantly over the control value by day 14, and continued

. +
to increase a3’ body weight increased. Body weight and K concentration
)"’})

e found ‘to be significantly correlated (rz- .8813).

Effects of Short-Term Copper Exposure

In Chapter 3 }. was> shown that copper exposiire leads to
concentration-dependent decrea és in both Jin Na and whole body Na+ in
juvenile trout (upper lines, Fig. 4.3a and b; Chapter 3). In the
present study, it has been shown that trout pre—exposed to 100 ng/L
copper for 24 h, and then returned to copper—free water, suffered
comparable losses of whole body Na+,.although Jin recovered (0 ug/L,

lower lines, Fig. 4.3a and b). When pre—exposed fish were re—exposed to

"50 to 200 ug/L copper for a second 24 h they suffered losses of whole

-
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Days of Wet Weight [Na+] {K+] [C32+]
Exposure " (g) : umol/g pﬁol/g amol/g
Day 0 2.4240.12  56.9+1.2 98.9+2.8 78.5+2.3
Day 1 2.2240.09  49.8+0.6 *  93.9+0.7 ¥ 74.8+1.1%
Day 7 2.38+0.11  56.6+1.6  102.0+5.1 79.5+2.8
Day 14 2-6§:p-11 57-7:9-9 ) IOQ-Q:ﬁ-O BI-Ltl-h
Day 21 2.82+0.13  58.3+0.7 . 106.8+4.3 79.242.7
: \

Days of

Recovery

Day 1 33130411 ST.540.8  111.545.7 79.9+0.9
Day 7 I-T8H0.16  57.5+0.6  113.8+7.5 79.341.1

Table 4.1. Whole body ions in juvenile rainbowltrout exposed to 535 ng/L
copper for 28 days, and 7 days of recovery in copper—-free water. For
the exposure period each value is the mean + 1 SEM of 60 fish; for the
recovery period each value is the mean + 1 SEM of 30 fish. Asterisks

indicate a significant (P £ 0.05) decrease from control (day 0) values.
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Fig. 4.3 a.) The effects of copper on sodium uptake (J in
Juvenile rainbow trout exposed for 24 (., data from Chapter 3), or
pre-exposed to 100 ug/L copper for 24 h, and then exposed for an.
additional 24 h (A). Means + 1 SEM. ,) The effects of copper on
losses of whole body Na+ in the same fish as in- Fig. 4.35'. Sample

size for both a and b 1s indicated ip parentheses. Means + 1 SEM.

Y
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body Na+, but at a lower rate than figh exposed for the’rst time (Fig.
4.3b). 'However, much of this decrease in loss rateﬂwas.likely dgp to
the reduction in the N;+ difPusion gradient afisi 8 from copper
pre%expo;ure. To account fpr this factor, the exponeﬁt al decay

equation was used to calcuiace Na+ efflux constants, independent of the
Na® gradient (gee Mechodé, above). The use of this ‘equation is only.
Justified when Jin approaches zero (i.e., Jnet 1s entirely due to Jout)'
In Eﬁe present series ofF experiments, this condition was only met in
those fish exposed to 200 ﬁg/L copper (Fig. 4.3a). The efflux constant
calculdted/for fish exposed for a single 24 h_period was 0.0325, while
that calculated for the ﬁre-exposed Eroup was 0.0154. This is g
reduction in the Na' constant of 53%, and Suggests a major reduction in

+
Na pérmeabilicy.

.DISCUSSION

The objective of the present study was to examipe the
physiological basis for acclimation of f{sh to sublethal levels of
copper In previous studies with rainbow trout, it was shown that one
of tﬁé major wmechanisms of copper toxicity to fish i{s the disruption of
normal gill jonore latory function. Copper concentrations as low gag
12.5 ng/L inhibit {(sodium uptake and disrupt sodium balance, with deach
ensuing within 24 K a¢ copper concentrations greater than 100 ug/L
(Chapter 2, 35. In the pregent study, it was confirmed that 55 ng/L
copper inhibits sodium uptake and reduces whole body sodium

concentration. 1In addition however, {t has now been shown that borh of
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these parameters can recover comE&gtely within 21 days. Furthermore,
since . naturally occurring copper concentratioqe generally range from
about 5 to 100 ug/L copper’ (Spry et al., 1981) the present results
Suggest these same mechanismg may be responsible Eor acclimacion to
copper in the wild.

In the present study, whole body Na+ had returned to control

levels before complete recovéry in J WEs found {Table 4. l; Fig. 4.1);

in
Since it has also been shown that the inhibition of J (ac least at 100
ng/L) 1is, in fact, greater at 48 than at 24 h (Fig. 4.3a), the
recovery of whole bbdy Na \ig best explained by a decreaée in sodium
ef flux (Jout) to levels below that found in normal control fish.
Reduct%pns in Jout Rave been previously shown to play an important role
in ameliofhcing the effects of low pH (McDonald, 1983), lanthanum (Eddy
and Bath, 1979), and copper (Chapgpr 2). At a J{p'Naf of 244 nM/g.h
(lg-, Jin after 24 h), the net loss of wp61;%33&y a’ found by 24 K
could be fully compensated within 7 days 1if Jout Na were reduced to
about 40% of control values. 1In fact, it was shown in Chapter ? that
Teductions in Jout of up to S50% ocecur within 12 h in adult trout exposed
to copper (Fig. 2.8).

Jout may be reduced by either é decrease in the Na+ gradient due
toe fon losses, or by a reduetion in. epithelial permeability. By using»
the exponential decay equation, we have shown a gradient-independent .
reduction i{n Na¥ efflux within 48 h of €xposure to copper. The natu;:“

of this reduction in permeability is unknown and could bpe specific Na+
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alone, or could be part a more general reduction {n the permeability of
the branchial epithelium to both cations and aniong.

_I

/ In general, the mechaniam by which epithelial permeability is
reduced is not Presently understood. However, it has been shown that
the administration of 'exogenoua mamhalian prblactin reduces gill
permeability in several species of fish (Dharmamba and Maetz, 1972'
andelaar Bonga and Van der Meij, 1981), and acid exposure hasg - been

shown to increase the metabolic sctivity of prolactin cells in the brook

trout (Notter et al., 1976). This suggests that the reduction of

hfepithelial permeability may be under endocrine control and may be an

essential part of the acclimation of fiah to general ionoregulatory

disturbances.

According to classical Michaelis-Menten kinetics, a reduction of
Jmax is indicarive of non—-competitive inhibition, while an ihcreaae in
Km is indicative of competitive inhibition. Thus, copper affects Jin
Na+ by mixed-type inhibition, Copper has a high affinity for sulfhydryl
groups (Nieboer and Richardaon, 1880), and may inhibit enzymes either by
forming mercaptides or by catalysing the formation of disulfide bonds
(Rothstein, 1959). In this context, it isg interesting to note that the
copper-dependent formation of disulfide bonds between the subunits of
Na —K —-ATPase resultsg ip cross-linking and cogplete-denatUration (1.e.,
non-competitive inhibition; Huang and Askari, 197%), but copper . also
inhibits the ng -dependent hydrolysias of ATP in Na¥ 'Y -ATPase (i.e.,

competitive inhibition; Shuurnmans Stekhoven and Bonting, 1981). Since

this enzyme ds generally thought to bpe 8 major component of the

N
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blochemical mechanism for Na+ transport' by the fish gill, it is apparent
that these two Anhibitory actions could be résponsible for the
mixed-type inhibition of Jin found in the present study, Furthermore,

the replacement of such damaged enzyme subunitg could result in the

recovery of both J and X .
max m
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 INTRODUCTION

It has been shown that lethality ‘due to copper exposure in figh
may be accounted for by the disruption of gill ionoregulatory function
(Chapter 2, 3). ‘Furthermore, it hag been shown that acclimation oceurs
by the reduction of sodium efflux and the recovery of sodium influx
(Chapter 4). Evidence has been presented that sodium efflux is reduced
88 a result of a decrease _in. the permeability of ¢he branchial
. epithelium, ‘but the biochemical mechanisms which control permeabiliry
are unknown. However, the biochemical basis for the recovery of sodium
influx may be an inecrease in Na+~K —ATPase activity due to an increase
in the number of énzyme units, as has been shown in metal-stressed fish
by several authors (Bouquegneau, 1977, Shephard and Simkiss, 1578;
WQtson and Beamish, 1980; Stagg and Shuttleworth 1982), or may be due
to the protection of the trangport mechanism by the binding of copper by
'metallothionein, as proposed by Bouquegneau et al. (1975). 1n order to
distinguish between thege two possibilities, branchial Na+—K+—ATPase
activity and branchial mecal-binding ligand concentrations were measured
in fish exposed to 55 pg/L copper for 28 days. Since previous authorsg
have suggested 8 wajor role for the liver in the detoxification of
copper, the concentration of hepatic metal-binding ligands was also
measured, and copper uptake 1in liver, gills, and whole body was

compared.
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METHODS and MATERIALS ' - '
Animals

The fish used in these experiments were maintained and treated in
an identical manner to those used in Chapter 4. Subsamples of fish were

removed at regular intervals for analyses.

Copper Uptake

Aﬁ‘weekly intervals, the'net whole body accumulation of coppér
’Egs determined by atomic absorption (Varian-1275) using the same acid
diEests used for whole body Na measu:ementa (Chapter 4).

The size of the exchangeable copper pool of the gills, liver, and
carcass (1.e., whole body minus gills and liver), was also measured. A
separate subsample of 10 fish was removed from the continuous exposure
system at weekly intervals and exposed for 24 h to 55 ug/L copper,
labelled with 64copper (22 MBq/uM). Sodium (200 uM) and calecium {1000
uM) were held constant. Radioactivity of water, gills, liver, a;d
carcass, was measured in a Nuclear Chicago well-type gamma counter.
After counting, these tissues were digested in concentrated nitriec acid
and analysed as above for copper concentration. Thel size of the
exchangeable copper pool was then estimated as:

6z‘c:opp.ﬂ.l:' x {5.A.)

x 100 » (501)
Total tissue copper

where 6acopper i1s the counts per minute of radiocopper per gram wet wt
taken up by the tissue during 24 h; S.A. i{s the specific activity of the

exposure water (in ug/cpm); and total tissue copper (as pg/g‘wet Wwt) was
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determined by atomic absorption Spectrophotometry, ' Control copper
values for,giil, liver, and carcass, were collected from a sepérate
group of ‘10 fish that had never been exposed to copper above ambient

levels (less than § »g/L).

Protocol for Biochemical Analyses

At weekly-interv&is, 12 fish were removed from the continuous
expoﬁure systenm, and.the gills and liyers were quickly removed, The
811l basket was trimmed to reduce the amount of extraneous cartilage an&
divided into 2 approximately equal gized aliquotﬁ. Approximately half
of the whole gill bpagket was immersed ::\Ung NaCl, then frozen in
liquid nitrogen and stored at -g0°% for assay of t?tal ATPaée, and

ouabain'inhibitable, Na+-K+-dependeﬁt ATPasge activity. The remaining

nitrogen untyl analysis for metal-binding proteins.

Branchial ATPases

The gills from individual figh (52.042.2 mg wet weight; n=9p)
Qere homogenized in 5 mL of an ice cold solution (Hendler Bt al., 1972)
containing 0.25 M sucrose, 6mM sodium EDTA, 20 mM imidazole, and 6.12
sodium deoxycholate (to make leaky vesicles). Homogenization was
accomplished by 12 complete strokeg of a moter—driven (500 rpm)
Pottet-Elvehjem grinder equipped with g teflon pestle, The

cartilaginous g11l arches and cell debris were removed by centrifuging
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equipped 'witﬁ an SS—3& rotor, followad by centrifugation of the
(supernatant for 60 min" at 29K rpm in a Beckman LB8-78 ultracentrifuge-
equipped with an SN 50.1 rotor. Tﬂ§ temperature was ‘& °c in all’
cent;ifugations. Ihe resulting‘microsomal‘pellet was resuspended in 5
tiﬁes the tissue weight of homoéenizaCion sqlution_ ninus sodium
.dgoxycholate.and frozen in liquid nitrogen until not mo;e than 5 déys
later. On the dayrof the assay, the gills froﬁ“G fish, which had never
been exposed to coppéf, Were preﬁared in an identical manner and assayed
to check for loss of activity during storage of the microsomal
‘suspension. No significant changes in activity were found between
freshly prepared and frozen . enzyme preparatioﬁs.. ' There was no
detectable activity in the 29K rpm supernatant. Total ATfase activity,
and ouabain—inhibitable Na —K vATPase activity were assayed by the
method of Towle et al. (1976). The assay medium consisted of: 20 mM
imidazole (Sigma), ﬁH 7.8, 100 mM NaCl, 10 wM KC1l, 5 mM Mg C12, 1.25 g%

phosphoenolpyruvate (Sigma), and 5 mM Na_ATP (Sigma). To 1.7 wl of

2
assay medium, the following were added: 200 ML 1 mM NADH (Sigma, grade
II in imidazole buffer, pH 7.4}, 20 upL pyruvate kinase/lactate
dehydrogenase (Sigma), and 100 bl water (total assay), or 100 pL 20 oM
ouabain (total ATPase minus Na+—K+—ATPase). ' The enzyme activity was
assessed at 37°C by monitering the disappearance of NADH at 340 nM for 5
min on a Perkin-Elmer Lambda 3 spectrophotometer. Since the hydrolysis
of ATP was coupled to the oxidation of NADH, the enzyme activity was

expressed as pmol inorganic phosphate per mg microsomal protein per h.

s
Protein was peasured by the Coomassie Blue method of Bradferd (1976).
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" Metal -Binding Ligands
' The concentrations of metal-binding ligands were assesged by two
different techniqueS' 1) the acid-soluble thiol assay of ‘Ellman (1959),

_and 2) the 1Ogcadmium—bindiqg assay of Eaton and Toal (1982)

|

l. Acid-Soluble Thiols

-
.

Separate assays were conducted for each fish (n=96). The other
half of the whole gill basket and the entire 1liver were -thawed and
homogenized in S yolumes of ice cold-o.gz‘ﬂaC1. At this point a 50 uL
' aliquot of this hompgenate wa; removed for use in the 1Ogcadmium--binding
assay (éeg below). The remaining al}quot' of tissue homogenate was
combined 1:1 with 10% TCA, and the precipitated protein removed ‘by
centrifugation in a Beckman Microfuge for 5 min. Total acid-soluble
thiqls in this supernatant were measured by the DTNB
(5,5'-dithiobis(2-n£trobenzoic acid)) method of Ellman (1959) as
modified by Moron et al. (1979).' DTNB reacts with reduced thiols to
form thionitrobenzoic acid, a compound which absorbs light at 412 nm.
This compound was measured with a Perkin Elmer lambda 3
spectrophotometer, using reduced glutathione as the standard. Cysteine
was measured by the colorometric‘method of Gaitonde (1967), using acid
ninhydrin. Glutathione (both oxidized and reduced) was measured by the
enzymatic method of Owens and Belcher (1965), using glutathione
reductase, NADH, and DTNB and measuring the change in absorbance at 412
nm. All values were expressed as uM of sulfhydryl groups/g wet tissue

weight. Metal—binding ligand concentration was caleulated, in terms of
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sulfhydryl groupa/g wet tissue wt, as the total acid-soluble thiol wminus
the sum of glutathione plus cysteine (Wofford and Thomas, 1984).

10 _ | \

2. 9Cadmium Binding

The twelve 50 uL aliqouts removed after homogenization in 0. 9Z
- NaCl (see above) were pooled for each sample period and combined 11
with EEEE;r (60 mM Tris —HQL. pH 7.4) containing 5 mM dithiothreitol, a
,sulfhydryl’tercing agent. These homogenates were heated for 10 min at
_SSOC, and the denatured proteins removed by spinning for 5 min in a
Beckman' microfuge at room temperature. 1Ogcd was added to the
- heat-denatured supernatant, according to the method of Eaton _and Toal
(1982). Tha heat-stable, cadmium-binding ligands in 5Q0 ML subsamples
were fractionated by Sephadex G-75 in a 2x30 ecm ‘column eluted at |
olL/min with 25 mM Tris-HC1l, pH 7.4. Blue dextran, rabbit liver cd/zn
metallothionein (types I and II, Sigma), and reduced glutathione (Sigma)
were used to calibrate the column. Fractions of l @l each were
collected and counted i7fa\§uclear Chicago gamma counter.ﬂ
\.

RESULTS

Effects of Copper Exposure on Copper dptake
‘In control fish, whole body copper concéntration (measured by
~ atomic absorption) was 1.23+0.06 ng/g (n-6%§ Fig. 5. la) liver copper
was 23.2+3.4 ug/g (n=10; Fig: 5.1b), and gill copper was 1.330.1 ug/lg
: <
wet welght (n=10; Fig. 5.1¢). 1In control fish, about 24% of therwhole

body copper was found in the liver, with gills accounting for only 4%
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and‘the carcass, ie., whole body minus gills and liver, accounting for
the remaining 69% (Fig. 5.2).

During the first 48 h of copper exposure, the liver accumulated
coﬁper at a much higher rate than either gills or carcass (Fig. 5.1b vs.
a, ¢), and_accounted.for about 40% of the whole body copper burden at 48
h (Fig. S.2). Hoqever, by day 7 the accumulation rate of the liver had
slowed (Fig. S.1b). After 14 days, the liver accounted for only about
212 of the whole body copper burden, while the carcass now accounted for
about 78X (Fig. 5.2). Thus, ?Pile the contribution of the liver
returned to pre-exposure levels, that of the carcass incfeased. Whole
body copper accumulated at a mean rate of about 33 ng/g- h during che
first 24 h of copper exposure, but decreased to an overall mean rate off
about 8 ng/g.h (n=150) for the entire 28 day period (i.e., after 28 days
of exposure whole body copper reached 6.79+1.8 ng/g (n=30; Fig. 5.1a).
Liver copper increased by about 9] ng/g-h during the first 48 h of
exposure, and by about 74 ng/g.h thereafter,  and reached 113.0+i8.0
pélg wet wt by day 28 (nw=30; Fig 5.1b). On day 28, the liver acco%i?id
for only about 17% of the whole body copper, while the carcass accounted ‘
for about BZZ of the total (Fig. 5 2). Gill copper never accounted for
more than about 6% of the whole body copper burden (Fig. 5.2). *G11l
copper increased by about 25% after 7 days of copper exposure (i.e.,
1.72+0.1 ug/g), but then decreased to below control levels on day 21
(Fig. 5-le).  After 28 days, gill copper was 1.56+0.1 ug/g wet wt.

In che gills, the exchangeable copper poél was estimated at about

252 after 24 h of copper exposure, while the exchangeable pool of the

“
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Fig. 5.1. a.) Uptake. rate of copper in whole body and carcass, b.)
liver, and c.)' gills of Juvenile rainbow trout exposed to 55 ug/L
copper for 28 d'ays, and then transferred to clean water for 7 days.

Means X 1 SEM, n=60 for ;rhdle body, and nml0 for liver énd gills. '
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Fig. 5.2. Eercént'of whole body copper found in carcass, liver, and

gllls of fish exposed to 55 »ng/L for 28 days. Means, n=]0.
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liver was only about 4% and that "of the carcass, about 102. In the .

. gill the size of this pool increaaed to 54% after 7 days of exposure,

and remained stable at 52.8+1.3% until the end of the copper exposure.
The exchangeable pool aize of the liver decreased to about 2% on day 7, |
rose slightly on-days 14 and 21, and decreaeed again on day 28 to 1.4%.
The exchangeable pool size of the carcass also decreased" gradually from
about 8% on.day 7 to 2.5% on day 28. .

Following transfer to copper-free water, trout lost whole body

v

. copper at a rate of about 7.2140.32 ng/g h (n-10 Fig 5.1a).

Effects of Copper Exposure on Branchial ATPase Activicy

The M32+-ATPase and Na+-K+-ATPase specific activities in control
fish were 31-&t1.7, end 15.{i1-8 amol ‘Pi/mg microgsomal proteinsh at °
37°CT After 24 ﬁ exposure to 55 ng/L copper, both of these values were
reduced by ebdut 33%. Hg —ATPeee was not significantly different from

controi values after 7 days of exposure, but specifice activity decreased

 from day 7 to- 28. Na —K —ATPase specific activity rewmained

<

Significantly depreseed and relatively constant from 24 h to 28 days of
exposure (Eig 5.3). After 24 h in clean water, both Mg2+-, and.
Na+-K+-ATPaee Epecific activities' increased, but the change was not
significant. Howéver, after 7 days' of recovery, there was no
significant difference in the specific activity of either enzyme from
control values (Fig 5.3).

Microsomal protein was also measured as a function of whole gill

wet weight (Fig 5.3). After 24 b of “copper exposure; the amount of
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micrddomal protein per mg gill tissue increase'dg and -this trend became
- significant after.7 ddys, and co:;inued for the 28 days of exposure (Fig
5.3) After 24 h recovery in clean water, the microso:dal prol:ein/mg
gill tissue again increased, and was significantly higher than control
values by day 7 of _Tecovery (Fig 5.3).

The mean total gill Na™ -K -ATPase activity (ie., Na' -k -ATPage
.sgecific activity times total microsomal protein/ ng gill wet wt.) was
2009+382 _pmol Pf#i under control conditions. After' 24 h of copper
exposure, this total gill activity was reduced by about 302 to about
1363+313 umol P /h but had recovered to . 2166+448 Jmol P /h by day 14.-
After 7 days of recovery, the total gilg-activitylwas about hBlSilllS‘
jmol Pi/h; or 2.5 times that found under contrdl conditions.

Effects of Copper Exposure on Gill and Liver Acid-Soluble Thiols

-

In control fish, acid-spluble thiol (AST) concentrations were
0.98+0.06 pmol sulfhydryl/g wet wt. in gills, and 2.28+0.12 pmol/g 1n
liver (n=12 Fig 5.4). Glutathione (Glut) accounted for nearly all of
this total thiol, with concentrations of 0.914+0.04, and 1.8[19.13 pmol/g
for glll and liver, respectively. Gill cysteine was:0.0B 10.004 nmol/g,
and-liver cysteine was 0.07+0.004 nmol/g wet wﬁ, and theréfore did not
make‘a significant contribution to the total AST.‘ Gldt accountedrfor
about 85% of liver AST and about 98% of?-;dll AST under control
conditions. |

Gill AST and Glut did not change significantly duriang the entire

28 day period of copper exposure (Fig 5.4). Howevér, By day 7, liver
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Fig. 5.4, Branchial and hépatic acid-soluble thiol (AST, A) and
glutathione (GSH, .) in juvenile rainbow trout exposed to 55 ug/L’

copper for 28 days, and then transferred to clean wat:er for 7 days.

" Means + 1 SEM in umol -SH/g wet weight, n=12,
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AST had about doubled ‘and the non-Glut, non-cyateine co ﬁon‘ﬁ: of
hepatic AST had increaaed about 2.8 times that found under “control
oonditiona (Fig 5.4). Liver Glut and cysteine accounted for about 732,
of the total AST on day 28. _

After 7 days of recovery in copoer-free water, gill AST and Glut
were unchanged (Fig. 5.45, but large decreases in both AST ond Glut were

found in the liver. In_the liver, ﬁowever, thé non-Glut, non-cysteine

component of AST did notfdecfease‘significantly.

Effects of Copper Exposure on Metal-Binding ProteinsA

in the Gill and'Liver:l
Standard Cd/Zn metallothionein eluted from the Sephadex G-75
column between froctions 25 and 35, with a peak at fraction‘ 31:
Therefore, arbitrary designations were assssigned to fractioms 1 through
24 as high molecular welght (HMW), fractions 25 to 35, as medium
molecular weight (MMW), and fractions 36 to 60 as low molecular weight
(LMW) fractions. A .distinct orotein peak was found in trout livef,
which has the same approximate molecular welght as our Cd/Zn
metallothionein Btandard. This protein is also heat-stable, and has a‘
high affinity for cadmium,,
In control fish most of the 1090d bound to gill supernatants was

founo in the HMW fractions, and no peak was found in the region where
standard metallothionein eluted; this continued for the ‘duration of the

copper exposure and recovery period (Fig. 5.5). On the other hand, in



TN A R Y e ey

117

.\.

. Fig. 5.5. Sephadex G~75 separation of im vitro hepatic and branchial

1qgcadmium binding in pooled, heat-denatured Bupernatants'from'juvenile

rainbow trout exposed to 55 ug/L copper for 28 days and then transferred

to clean water for 7 days; BD, blue dextran; MT, Cd/Zn metallothionein;

o
"
+

GSH, glutathione.
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control 1iver,’ about 80X of the 109

proteing of. about 10 000 daltons, with relatively little binding to HMW
and LHW pProteins (Fig. 5.5). There was no significant change in 1Ogcd
binding in liver after 24 h, but 1090d binding decreased progressively

109

from day 7 to 28; 80 that at day 28, Cd binding was only about 50%

that of control livera (Fig. 5:5)s No change was found after 7 days of

recovery in copper—free water (Fig s. 5).

DISCUSSION

Copper Toxicity.

The inhibition‘of Nat-x* ~ATPagse is the most likely biochemical
explanation for the physiological inhibition of sodiunm uptake (Chapter
2, 3, 4). Previous studies have shown that copper. inhibjitsg
Na+-KffATPase (Lorz_and McPherson, 1976; Stagg and Shuttieworth. 1982),
but this is the first study to ettempt to correlate the specific
activity of the enzyme in vitro with the uptake of sodium and copper in
vivo. The specific activicy of the branchial Nat -x* ~ATPase was
inhibited by aboyr 33% but sodium uptake was {nhibited by about 55%
(Chapter 4). This Suggests, as might be expected, that in vitro assays
do not necesearily reflect in vivo conditions and/or that copper has
effects on other components of the sodiunm uptake mechanism such as
sodium channels, mitochondria, nenbrane fluidity, etc,

Copper was not significantly eievated in the gills, eﬁen at the

point of greatest inhibition of sodium uptake and Na+—K+—ATPase

Cd binding was assoclated with
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inhibition. One possible explanation for this observation ia that very
little copper may be needed to inhibit . this enzyme. Reidel and
Christensen (1980) reported that copper inhibita Na -K =ATPasge 1n vitro
at about a 1:] molar ratio. Under control conditions we measured about
130 ug microsomal protein/ ng gill tissue. For our average gill Weight
of about 104 mg, this is 13.5 mg of microsomal protein. At an egtimated
molecular weight of 250,000 daltons for Na -K -ATPase (using Coomassie
Blue; Shuurmans Stekhoven and Bonting, 1981), and assuming that all of
the microsomal protein wag Na' —K ~ATPase this is only about 54 nmol of

Na+—K+—ATPase; such a small change in tigsue copper would have been

below our limits of detection. Furthermore, COpper can enter into

oxidation-redyction cycles with sulfhydryl groups to form disulfiéé

_bonds (Rothstein, 1959, and/qr can catalyse the formation of the

cross-linking agent ma;onyldialdehyde from membrane phospholipids

(Hochstein et al. 1980).

The Response of the Gills to Copper Exposure

The induction of additional Na+—K+-ATPase subunits is the most
likely biochemical exlanation for the recovery of sodium uptake (Chapter
4). Although Nat-x* —ATPase specific activity was significantly
inhibited within 24 h of exposure to copper, there wags 3 signifiecant
increase in microsomal protein from 7 to 28 days of éxposure. and tpe
total transport capacity (i.,e., specific activity times total microsomal
protein) returned to control values by day 14. However, sodium uptake

did not recdver until day 21 (Chapter 4). This again suggests that
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either in vicro assays do not reflect in vivo conditions perfectly, or
that copper has effects on other cellular cqmponents of sodium uptake
than Na -K —ATPage alone. The enzyme specific activity did not continue'
to decreasge during continuous copper exposure, so that the turnover rate
of enzyme subunits must have equaled the rate of inhibition.

Copper accumulation in the gills was low and variable (Fig 5. lc),
and acid-aoluole thiols (AST, Fig 5.4), glutathione (Glut), cysteine,
ahd 109cadmium binding proteins (Fig 5.5) were not induced by copper
exposure. Furthermore, if copper were tightly bound by the gill, one
would expect the exchangeable copper pool to .decreese, Vrather than
increase or remain stable, es was found in the present experiment.
Thus, the combined results of exchangeable copper space, tissue
nccnmulacion, AST status, and gel filtration Suggest that the gill does
not have a high copper'binding capacity, and that neither metal-binding
proteins, nor glutathione, are ‘readily induced in this tissue by
exposure to 55:pg/L copper. Nael—Lambot et al. (1978) renched ;he same

conclusion in regard to the gills of eels (Anguilla anguilla) exposed to

13 mg/L cadmium in seawater for 14 days.

The Response of_the.Liver to _Copper Exposure

Copper exposure led to copper accumulation by the liver, and
lncreases in hepatic AST and glutathione. Wofford and Thomas (1984)

have shown that in - the striped mullet (Mugil cephalus) AST includes

oxidized and reduced glutathione (Glutr), cystelne, and a

cadmium—inducible; sulfhydryl-rich, metal-binding protein of about the
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same molecular weight as metallochionein- In the presené study,. it was
also shown that the_ sum of Glut and cysteine does not equal the- total
AST, and that an acid=-soluble, sulfhydryl-rich, cadmium—binding protein
with a molecular weight of about 10,000 daltons is present in the livers
of control trout. On these criteria, it would seem that this protein is
also methllothionein. This protein was 1nduced in the liver of trout
hfterl 7 days exposure to copper, but then remained at a relatively
constant high levél.'Tﬁé size of the exchangeable copper poel of cthe
liver alsc decreased between day 1 and 7, after which it remained
relacively constant. This might be expectead f% metallothionein wag
induced and copper was being bound more firmly.

‘ On the other hand, 1090d binding in the iiver decreased aé copper
éxposure continued. The obvious interpretation of thege results is that
the concentration of metallothionein decreased during copper exposure.
However, this is not a satisfactory explanation because it has also been
demonstrated that metallothionein, as determined by AST minus Glut,
increased by day 7 and remained at this level for at leagt 28 days. The
alternative and more reasonable explanation 1{is based on the relative
binding strengths of copper, zinc, and cadmium for metallothionein. All
metallothionein contains zine, and both copper and cadmium are
incorporated into metallothionein by displacing zine (Cousins, 1985; Day
et al., 1984; Noel-Lambot et al. 1978). However, cadmium cannot
displace copper from metallothionein "{NSel-Lambot et al., 1978;
Scheuhammer and Cherian, 198s). Therefore, during COpPpPer exposure when

the ratio of copper to zine in metallothionein increases, the cadmium



3 123

binding capacity of wetallothionein decreases. it is apparent then that
hepatic detoxification: of copper may act in two distinct ways: 1} by the
1nduction of metellothionein. and 2) by increaeing -the percentage of
metal binding sites occupied by copper. 1In thig respect it ig important
Lo recognize that Goering ‘and Klasgen (1984) reported that the increase
in lethel resistance found when rats are pretreated with cadmium, ig
dependent on presynthesized metallothionein, rather than an‘increase in
the rate of metallothionein production. ‘ Thus, meesutement of
‘metallothioueiﬁ by such ‘;ndirect assays as 109cadmium-binding, pulse
polarography, or radioimmunoassay may seriously misrepresent the true
detoxifying potential of a given tissue.

Hepatic metallothionein may be induced by a variety of roxic
wetals, as well asg a variety of non-specific stresseg and‘ the
glucocorticoid hormones (Cousins, 1985), The induction of hepatic
metallothionein has been considered the most satisfactory explanation of
the acquired resistance of animals to petal toxicity (Dixon and Sprague,
1981b; Brown and Parsons, 1978; Webb and Cain, 1982; Cousins, 1985).

However, McCarter and Roch (1983) showed that although metallothionein

was induced by copper exposure in coho salmon (Oncorhynchus kisutch),

the {ncrease 1inp registance actually preceeded the increase in
wetallothionein. Furthermore, it hasg been shown that the gill is the
primary target of copper in fish (Chapters 2, 3, and 4) and there is no
evidence for copper—induced liver dysfunction in fish exposed 'to

environmentally relevant levels of copper (Baker, 1969; Gardner and

LaRoche, 1973). Thus, at least for copper, the increase in hepatic

~

LY
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metallothionein may be a secondary, rather than primary response. 1In
this contéxt it must also be pointed out that ‘little is known about the

aites and mechanisms of the toxicit of other metals to fish, and there

'is clear evidence that zinc, mercury “and cadmium act at the gilla as’
well as internal organs of fish (Spry and Wood, 1984, 1985: Renfro et’

'al-,,1974 Bouquegneau, 1975). Therefore, to the extent that thege

metals affect ionoregulatory function, the classical mammalian model for

hepatic detoxification of metals may not hold true.

’

)

. , _
The Uptake and Distribution of Copper. -

- Previous studies have only examined liver metallothionein levels
(Dixon and'Sorague, 1981b' McCarter and Roch, 1983 Roch and McCarter,
19%&) The present study shows the importance of examining both the
distribution of copper, and the metal-binding capacity of other tissuee,
especilally - when the site of toxieity ie not the liver. The
copper—binding capacity of the Jliver reached an apparent plateau by
about day 7 and further copper uptake was distributed to extra—hepatie

tissues. Under control conditions), the liver accounted for about 24% of

the whole body coppet content. This increased to about 40% on day 2,
A

but decreased steadily thereafter t nly about 17% on day 28.; On the

other hand, the contribution of tHe .dartass increased frop about 69Z
under control conditioens to about 82% on day 28. Since white muscle
maken up about 66% of the whoie body wetinweight of rainbow trout
(Stevens, 1968), it is likely that this tissue accounts for most of this

extra-hepatic copper. This may possibly help to account for the
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-decrease in critical swimming performance of copper—exposed rainbow
trout reported by Waiwood and Beamish (1978). However, it must be
cautioned -that the carcass, as defined in the present study, includes
both the ‘gut and kidney, tissues which have been shown to play important
roles in metal metabolism in mammals (Cousins, 1985).

Whole body copper uptake continued to increase and did not reach
equilibrium during the 28 days of exposure., Interestingly, Dixon and
Sprague (198la) found that fish exposed to 30, 131, and 194 ng/L reached
apparent equilibrium, but fish exposed to intermediate levels 58 and 94
pé?L did not reach equilibrium within 21 days. The -fish exposed to 30-
and 58 ug/L were less tolerant while bhose exposed at the higher levels
were more tolerant\ during subsequent 1etnality trials. Thus, the
relationship between cop?er uptake, equilibrium, and resistance is not
clear at the Present time. ‘ T

The loss of whole body copper at 'approximately the same rate that
copper was accumulated Suggests that despite the high affinity of copper
for biological ligands (Nieboer and Richardson, 1981), and the apparent
incorporation of copper into non—exchangeable or slowly exchangeable

)
pools,‘the whole body copper pool is quite labile once copper exposure
ha&ceased. It has been shown the@ large portion of the apparent
copper uptake during short-term exneriments is due to surface binding
(Chapter 3), and this may explain a portion of the loss of whole body
copper following transfer to clean water, but the magnitude of the

v
losses found in this study’ suggest that internalized copper was the

predominant source.
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“GENERAL DISCUSSION S St v

Mechanisms of Toxicity

reactionland-e known ﬁhysiological effect. Furthermore, he suggested

:toxieity -not found {in short-term assays (e.g. reproducéive -effecgs;
McKim and Benoit: 1971}, they'have the potential to mesk srimary effects
with secondary reseenses-' Most previous studies of the effects of
copper on fieh'have lasted at leagt 96 h tShaw and Brown, 1974, Howarth
and Sprague: 1978;'Chakouﬁakos et al. 1979; Miller and‘Mackay,.1980).
and althouéh severai authors have found evidence of ionoregulatory

disturbance (McKim et al., 1970; Christensen et al., 1971; Schreck and

Lorz, 1978) the origin of thig disturbance wasg not assessed. By using

disturbance, and  samplirg ar frequent intervalg "during short-tern
assays, it was shown that ;he most important effect of copper on fish {s
the disruption of g111 ionoregulatory faunction, - Furthermore, this

disturbance {p lonic balance could fully account for the acute’lethality

due to coppef‘exposure.‘ By making gsome rather basic assumptions, it wag

ta
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" also possible to euggest that copper has physiological effects on at
least two different sites of action on the branchial epithelium (Chapter',
.~
rhysiological effects of toxic substances ultimately arise from
chemical reactions with biochemical ligands in or on cells. Nieboer and
Richardaon (1980) have suggested that the toxicity of transition metals
may be explained in terms of the tendency to form covalent, rather ‘than
ionic bonds, with biological ligands, This characteristic is determined
by the size to charge ratio, and-the electron accepting affinity of the
metal ion (2 /r and¢X 2‘; Fig. 6.1). By these criteria, the important
toxic metals in the aquatic environm;it are, in descending order -of
tendency_to form‘covalent bonds: mercury, lead, tin, copper, cadmium,

H

chromium, and zige. ‘0f these, only mercury'is classified as a pure
class "B" metal, having thermodynamic preferences for forming covalent
bonds with donor atoms of biological molecules in the order, S>N>0. The

remaining common toxic -metals are large y‘ classified ag borderline
metals, having an 1increasing tendency to \form class "A" type (i.e.,
ionic) bonds in the order O0O>N>S. In a ghysiological context, it 1s
important to.note that calcium is a pure.claes "A" metal, and that,
because .of the greater elecronegativity of class¢"B" metals, thege can
all -displace calcium from its normal binding sites. Copper is unique,in
.this sequence because it is the only micronutrient which exists as a
pure class ' metdl, as Cu+, and also exists as a borderline metal as

2+

Cu™'. This also means that copper is the most electronegative metal

commonly found in the dquatic environment.
L]
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fig. 6.ia Separation of metals 1 to class "A" and clasg """ accbtding
to tendency to_fofm covalent or { nic bon@s (adapted from Nieboer aﬁd
Richa;daou, 1980). ~The claga "B" index xmzr is plotteﬁ against the
class "A" index Zzlr; Xm is the metal-ion electrqnegatiﬁity, r is the

lonic radius (in angstroms), and Z is the charge.
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The resﬁlts of many sEud;és support this approach to °
understanding.the toxicity of metal ions, both to whole animals in vivo,
and to enzyme preparations #% vitro (Table 6.1). The cqgcehtrations at
which all of these studigs caused either SOZIIiethality of the ‘test
animﬁls or 50% inhibition Af enzyme - activity, are remarkably constant
(Table 6 1), and (with the exception of monovalent Ag) the sequence of
toxicity follows the. order of bin ng constants of metals for glycine
and glutathione (Silleh and Martell, 1964).

It is the intentionfbf this finagl thesis chapter tq explain the
kéown physiological effects of copper on fish in terms of the affinities
copper has ‘for known'ﬁiochemical ligands, and to use the same kinds of

arguments to draw some basic conclusions about the mechanisms of action

of some other toxic metals.,

Copper Effects on Sodium Influx
At low, more'enviropmentally relevant copper concentrations, only
sodium influx was affected {Chapter é, 3, 4). Sodium 1influx may .be
reduced. by a decrease in the fluidity of cthe apical membrane of the
transporting cell, by directly blocking the sodium channels of the
apical cell membrane, by inhibiting oxidative phosphorylation and
reducing the enargy available to drive the acti#e transporg of soaium,
or by inhibiting the transport protein Na+-K+—ATPase, directly.
In Chapter 3, it was shown that sodium influx is not reduced intil

about 2 h after the beginning of copper exposure. Metal binding to cell

surfaces should be complete within ninutes (Wedemeyer, 1968), so if

—
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copper were having major effects at the apical cell membrane, these
effects should have been expressed before 2 h. In Chapter 3 it was also
“shown that the inhibition of sodium uptake was correlated with' the slow
phase of whole body copper uptake/binding, and copper uptake and the.
inhibition of sodium uptake were nearly mirror images of each other.
Taken in concert, this data suggests that the major éite} of copper
toxicity 1is not at the branchial cel} surface, aqd that copper must
penetrate Ehe gill td inhibit sodium uptake. . '

. Within the gill; COPE§E may have access to a large number of
physiologically important enzymes, very few of which have been studied
with regard to metal toxicity. The trout gill uses glucose and 1actate
as 1ts primary fuel sources (Mommesen, 1984). Bilinski and Jonas (1973)
exposed rainbow trout to 10°° M copper (64 ng/L) for 24 h and found no
significant inhibition in the ability‘ of isolated gill filaments to
metabolize lactate to COZ. ‘The complete_metabolism of lactate involves
the complete oxidation of its carbon akeleton to pyruvate and acetyl
coenzyme A, followed by the oxidation of the latter in the mitochondria
Bﬁ enzymes of the tricarboxylic acid cycle, This suggests that
mitochondrial funectjonm and oxidative phosphorylation would not have been
inhibited in the present, 274 h exposures of trout to 1.97}(10-.7 to
8.66x10-7 M copper (12.5 to 55 ng/L). However, cobﬁer effects on the
initial, eytosolic steps of glycolysis (ie., from glucose to lactate) in
fish gill have not —apparently been tested. Heath (1984) found no

-

decrease in adenylate energy charge (a measure of oxidative metabolism)

in bluegill (Lepomis macrochirus) liver and muscle following 24 h
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exposure to 3.14x10-5 M eopper (2000 ug/L), but, unfortunately,‘giile
were not assayed and i; m;ght be« expeceed that they would be’ moee
sedbitiye‘than either the liver or muscle. &his'is clearly an area of
research which deserves further investigation;

On the other hand geveral studies have shown that copper
inhibits the activity of branchial Na —K ~ATPase ‘(Lorz and McPhersoe,
1976; Stagg and Shuttleworth, 1982). In the present study, a similiar
effect was found (Chapter 5), but the degree of inhibiEion found in the
in vitro assay accounted for only about 6OZ of the in vivo inhibition of
sodium uptake (Chapter 4) This difference could merely be the result
of the different physiclogical conditions of the enzyme in 'vivo and in
vitre, or could be the‘result of copper effects on other, unidentified
blochemical cemponents. . 4

Metal ions, in general, are very non-specific toxicants.- This
results largely from the ubiquitpus presence of sulfhydryi groups on
‘énzymes and structural proteins, and the great affinity of the class "3"
metals and borderline metals such as copper, for such sulfur centers
(Fig. 6.1). Sulfhydryl groups are of great importance to enzyme
fenction because they play a major role in determining the conformation
of the catalytice .sites. The two catalytic alpha subunits ef
Na+—K+-ATPaee have 18 %ulfi?dryl groups per -mole6ule (Shuurmans
Stekhoven and Bonting, 1981), and copper inhibits chis enzyme with a
molar ratio of about 1 to 1 in vitro (Reidel and Christensen, 1979).
Because Na+-K+—ATPase is a membrane bound eénzyme, which depends

partially upon the fluidity of its phospholipid domain for activicy,
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inhibition can occur directly by the formation of copper mercaptidea,
S5~Cu-§, between ad}acent alpha 'subunits, or indirectly by catalysing the

¥ .

formation of disulfide bonds, - A ‘ T
| | | 2688 | énzyme S-5 ., _cut ) ( .
GSSG Xenzyme -SHDg 2+
and/or ‘the peroxidation of membrane phospholipids,
| 20,7 + 2" —— 5% + o

: : 2 272 2?
to form malonyldialdehydé,

202 + phospholipid-—a-peroxidized phOSpholipid-—:malonyldialdehyde,

which also cross=links proteins.

ther metals and H+ algo inhibit Na+—K+-ATPase, as well as other
énzymes in wvitro, and the sequence of concentrationg necessary to
inhibit this enzyme are well correlated with the strength of the. class
"B" nature of the particular metal ion (Reildel angd Christensen, 1979;
Shaw and Grughkin, 1957; pPfeiler and Kirschner, 1972; ‘Fig. 6.1).
Saunders et al. (1983) also showed that in vive exposure of Atlantie
salmon (Salmo salar) to pH 4.2 to 4.7 led to the in vitro inhibition of
Na " —ATPase activity. However, Lorz and McPherson (1976) found that
in vivo exposure of coho salmon to 3-()6:-{10-5 M zinc had no effect on in
vitro. Na+—K+-ATPase activity or survival 1{in seawater, as might be
expected from its low class "B" valye (Fig. 6.1).
— Fewcr metals have been shown to inhibit sodium uptake {m vivo,
and the construction of an inhibition sequence is hampered because only

partial data sets are avallabie. Renfro‘gs al. (1973) reported that

sodium uptake in sodium-depleted Fundulus heteroclituys was completely

”
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inhibited following 24 h exposure to 4. 6x10 M mercuric chloride (903

ng/L), but no lower concentrations were tested. -For rainbow trout, it

haa been shown that exposure to- 6. 56i10— ¥ cadmium (737 pg/L; S.D.

Reid McHaster Univ., personnel communication) inhibits sodium uptake by

Ht (pH

5.0) inhibita sodium uptake less than 1. 97x10 77 M copper (12.5 ug/L

about the same amount as 7.87x10" M copper (50 ng/L), and 10

Chapter 2). 1In the only other comparable study, Spry and Wood (1985)

found that‘ 1.22x10 -3, M zinc (800 ug/L) actually stimulated sodium

E tiptake. Thua. the aequence of metal effects on sodium uptake in rainbow

trout is: copper> cadmium) H > zine, with mercury probably falling
between copper and cadmium. 7 |

* The sequence of threahold concentrations for the effects of metall
ions on sodium uptake in vivo and Na+-K+-ATPase in vitro, 1s nearly the

same as the sequence of the strengths of the binding constants for these

metals to glutathione, and (to a lesser extent) glycine (Table 6.1).

Copper Effecta on Sodium Efflux

-

Due to the . large sodium gradient between the fish and the
freshwater environment, the  stimulation of efflux may lead to a much
more rapid decrease in the exchangeable 'sodium pool than the complete
inhibition of sodium uptake. However, sodium efflux was only stimulated
at about 1-57x10-6 M copper (100 wmg/L), a level of copper in excess of
that normally found in all but the most polluted environments. This

high threshold for thefeffects of copper on efflux may be explained in

terms of the chemical ligands which control permeability in the gill.
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There are 2 possible pathways for ion loss across the branchial
.dbithelium, a transcellular route, requiring the crossing of both the

-

baaolaCeral and apical cell membranes, and the peracellular route,
requiring the croseing of the junctione which connect adjacent cells
together at the apical membrane surface. Because of the complex
morphology of the tish gill, there is little direct evieence.for the
pathway of 4ion 1loss across thf gill, but eiectrcn microscopic
examination of the gills of freshwater fish ehows that epithelial cells
‘are connected by tight junctions. The opercular membrane of the
freshwater trout is a tight epixhelium in which the pathways of ion loss
can be easily assessed, and Marshall (1985) has shown that sodium losses
acrosgs this membrane follow the sgame pathway as mannitol. Since
mannitol does mnot cross cell membranes, this 1is good evidence thet
. sodiue losaes}normall; occur across the paracellular tight junctions
between the cells of the brenchial epithelium. When this model tight
epithelium is exposed to H+,‘these losses increase in a similar manner
to.that found in the gills of trout exposed to low pH or copper in vive
{McDonald, 1983b; Chapter 2, 3).

Oschman (1975) has shown that tight junctions are held together
by ionic bonds between caleium iens and the-anioniq residues of the
adjacent cell megbranes. Since calcium is a pure'class "A" ion, it may
be displaced by‘any class ;B", borderline, or class “A" metal with a
higher covalent er ionic 1index (szr or Zz/r; F!g. 6-1). 1t has been

suggested that it is the labile nature of calcium binding which allows
P

calcium to play‘such an important role in biological systems, and that

S
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the occupation of binding aitee alone (e.g. by another metal) does not
convey bioloéical activity (Horrocks, .1981). Copper, havdng bo.th higher
class "B" and class "A" valpes than.calcidm (Fig. 6.1) &lso has the
potential to occupy calecium binding sites and to form much less labile
bonds,fhan calcium. )

,Both cadmium’ and H+ also stimulate sodium efflux. In aoftwater,
sodium efflux was stimulated to about the same extent by 6.56x10 ~6 M
cadmium (737 ug/L; S.D. Reid, personnel cqmmunication) as was caused by
~1.i">'h\:10-6 M copper (100 ng/}' Chapter 3). Althougu pH 5.0 -inhibits
sodium uptake; significant stimulation of efflux was not }ound at this
pH (Chapter 2, 3). This suggests, as does the copper data, that efflux

\ is 1ess seneitive than influx, despite the fact that efflux appears to

“ be stimulated by action gt the cell’ surface.’ This may be because #'

+

copper have lower bLnding constants for oxygen centers than for nitrogen
or sulfur centers, or- simply because of the quantity of calcium that
must be displaced before efflux is stimulated or because the” binding
sites of tﬁe tight junctions are not readily accessible. Althcugh zine,
stimulates sodium effiux, {t stimulates sodium influx to the same
degree; 80 that no net losses are .found (Sury'and Wood, 1985). Thus,

the sequence for effects of metals on sodium efflux is the same as that

found for sodium influx.
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E;Ethe of Water pH, Hardness, and:Alkalinity

- . . - v

.BE | .

pH had no significant effect on the wey in which copper affected
either sodium inf&ux or sodium efflux.' If copper speciation vere an
important iactor in-toxicity, then it would have been expected that the
effects of pH 5. 0 and copper would have been more than additive, since
there is a major shift to Cu2 at about pH 5.0; instead, the combined
effectd’-were only additive or leas than ‘additive. Some toxicity data
suggests that not only are the effects of pH 5 0 and copper not
additiye, but that H .hae: a4 protective effect, perhaps through the
stimu@htion of wmucus secreeion (Miller‘ and Mackay, 1980), or by
competition between. H+ and copper for bineing sites on the gill
(Cuismano} et al., 1986). ‘ In Chapter 3 evidence for the 1latter
possibility was presented; but it was not possible_to separate uptake
from adsorption and no amelioration of toxicity wae‘ found in these
short-term expefiments. Long-tesm metal exposures combined with
meesuiements of mucus secretion and mecel uptake in gills and other
tissues could possibly resolve this question.

No comparable data ere‘available for other metals, but Reid
(unpublished) found a reduction in net sodium losses and mortality in
juvenile trout exposed to 6.56x10 -6 M cadmium for 24 at 10 =5 M H (pH
5.0) compared to circumneutral pH.  Campbell and Stokes €1985) have
recently reported that PH does not cause major shifts in the speciation

of cadmium, cobalt, nickel, silver, or zinc, so that any reduction of



metal effects at 1ow pH must be due to competition by H or the

'stimulation of mucus secretion, and any increase in toxicity must be due

JAto the effecta of H ’ itself. However, 1owering pH has major effects on

aluminum _and mercury, ‘and to a '1esser extent,  on lead (and copper)

speclarion (Campbell and Stokes, 1985), 50 that the effects of pH on the

toxicity of these metals will be more difficult to assess.'
.
" Hardness _ ‘ ' S . .

-J Water celcium, within the range‘of125 to 1000 pM, did not have
siénificdnt effecta of the way copper inhibited sodium influx or
stimulated efflux within 24 h. Likewise, McDonald et al. (1983) found
no- effect of water hardness {30 to 2850 uM Ca(NO ) ) on trout ‘exposed to
pH 4.0 for 4 h._ Both of these studies encompasged a greater range of

-

watern, calcium concentrations than that 'found, in acidified lakes- in
Ontario (NRCC,r1981l. ’Bne possible reagon for the failure to find an
effect of water calcium on toiicity in these .instances is}that H+ and
copper simply overwheln any protective effect of caleium on the gills.
Since copper and H have very high electronegativity valuesg of 1 9 and
2.1 respectively, and calcium has a much lower value of 1.0, both copper
and H' have the potential to displace calcium from its. normal binding
sites. As discussed above, calcium 1s important in mainteining membrane
stability and has significant effects on gill pexmeability (McDonald and
Rogano, 1986), hut these effects are relatively small compared to the

+
effects of eithek H or copper. TFor instance, the mean net sodium loss

produced by acute transfer of adult trout from 1000 uM calcium to 100 nM

140
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calcium for 24 h (McDonald and Rogano, 1986) was oulp about 302 that
;found when fish were exposed to 1.97x10~7 M copper (12.5 pg/L), or about
'50% that found in fish exposed to 1077 M (pH L 0, Chapter 2). An
alternative explanation is that longer term experiments are required to
reveal differences between hard and softwater fisu. This interpretation
is supported by the . fact that many 96 h lethality tests .have shown
apparent hardness effects on copper ‘toxicity (Howarth and Sprague, 1978;
Chakoumakos et al., 1979 Hiller and Mackay, 1980), and HcDonald et al.
'(1983) found a significantly greater effect of . pH 4.0 in softwater
compared to hardwater, after about 40 h of continuous exposure.

| Water hardness apparently has significant effects on short-term
cadmium toxicity. _Sodiun influx was reduced by exposure to 6. 56x10 ~6 M
cadmium to a greater extent in softwater’ than in hardwater at neutral
pH, and although sodium_ efflux was stimulated {p softwater, uo
stimulation of efflux wag foundrin hardwater (Reid, unpublished)}. Brown
(1968) als suowed a4 more pronounced effect of caleium on the 48 h LCSQ
values of cadmium than of either copper, zine, lead -0t nickel (Fig.
6.2). This may possibly be explained by the fact that #admium has an
electronegativity value of only 1.7, so that calecium isg more likely to
effectively compete with cadmium for binding sites than with either
copper or H+. If this is the reason for the effect of celcium on
cadmium toxicity) then significant rameliorative effects of hardness
would also be expected for zinc and aluminum toxicity as well, siuce

these elements have electronegativity values of '1.6 and 1.5,

respectively. Competitive binding studies between 45calcium and
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Fig- 6 2 Correlation between hardness and the 48 h LC50 for rainbow g

trout exposed to copper, cadmium, zine, andg nickel (from Brown,

~

1968). ’

T
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cadmium, copper or H', or between cadmium or ° copper and calcium may

help to explain some of these intriguing differences.

\
N

Alkaliniti
. Raising carbonate alkalinity reduced the effeets of copper on
both sodium influx and efflux. High alkalinicy had a greater effect on
efflux than on influx because cOpper carbonates reduce the amount of
soluble copper available to  the gills, and the threshold for the
stimulation of efflux is higher-than.that fof the'inhibition of influx.
Lead is the only other metal commonly found in the polluted
environment which forms significant carbonate complexes (Stumm and
Morgan, 1970; Camphell and "Stokes, 1985), and whose toxicity should

therefore, be limited by water alkalinity.

Physiological and Biochemical Mechanisms of Acelimacion

In the natural environment, there are sgeveral possible
consequences of copper e#posure to fish. 1In the very broadest of terms,
these include 1) detection and avoidance, 2) acclimation, and/or 3)
death. ‘The meehanisms of-toxicity and lethality have been reviewed in
- preceeding sections. In this section, it is my purpose to briefly
review some of the pessible’ mechaﬁisms fish might‘ employ to avoid
lethality due to ionoregulatory toxicants in general, apd to suggest
possible experiments which might lead to a better understanding of thege

mechanisms. Since the exterior surface of fish is the first site of

:
.
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action of toxicants, this discussion will proceed from the outside to

" 'the inside compartments.

In certain ingtences it may be possible for a fish to avold the
onset of toxicity if it is able to detect the toxicant before stressful
.conditions are reached. In this context, it is important to note that
Atlantic salmon (Salmo salar) avoided 6.9x107%8 M copper (4.4 ng/L;
Sprague, 1964), a level of copper which is lower than that reported for
many un-=pollutéd freshwater lakes and streams (Spry et al., 1981).
However, the secretion of catecholamines and cortisol are classical
indicatora of stress in animals (Selye, 1950) and Donaldson and Dye

(1975) have shown that; in sockeye salmon (Oncorhynchus nerka) plasma
ey

cortisol is elevated within 2 to 4 h of exposure to only 10 =7 M copper
)

(6.4 png/LY, Thus, copper may not only be the most toxic metal commonly
found in the aquatic environment, but, given ;ee problems of measuringx
such low concentrations of copper, it may also be stressful at levels
which are not avoided by fish.

In the event that fish cannot avoid stressful conditions, the
action of either cortisol or the catecholamines produces a suite of
biochemical and physiological responses the purpose of which seems to be
the defense of homeostasisg. These responses include increased mucus

secretion, efflui reduction, influx recovery, and increased metal

detoxification.

The gill and body surface of fish is covered with a thin layer of
mucus. In mammals, catecholamines have bFen shown to control the

secretion of mucus, and micus secretion in fish has been shown to be

’
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stimulated by exposdure to Hg, Zn, éd; Pb, and H+L(Lock and.Overbeeke,
1981; Miller an& Mackéy,. 1982; Eddy and Fraser; .1982). Since the
- sloughing off of metal laden mﬁcua has been suggested to ameliorate
metal and acid ﬁoxicity_(?art.and Lock, 1983;'M£11er.anq Mackdy,é;QBZ),
this may mean that the secretion ‘of catecholamines plays an- important
role in the amelioration of metal toxicity. Furthermore, Zuchelkowéki
55_5;:‘(1985) showed that the composition .of muéus in acid BCreséed fish
'shifted from predominstely sialomicins to predominately sulfomucins.
The increasgd‘presence of aulfu; centers could be expecfed to increase
the bipding‘ of class "B" metal ions, and possibly provide added
proéection. .

In the present sfudy, the most important adaptive responses found-
were the reductioq of sodiﬁm efflux (Chapter 2, 3) and the recovery of
sodium influx (Chapter 4). 0f these, the reduction of efflux is
prdfably the' most important, since sodium efflux rates can be much
greater than influx rates under stressful conditions. FurEhermore, the
reduction of efflux takeé place within hours of exposure (Chapter 2),
while the recovery of influx takes days to weeks (Chapter 4). Al though
‘cortisol is generally thought to modulate the upkake of sodium in fiéh,
there is some evidence that it may also be important to the reduction of

sodium efflux. When brook trout (Salvelinus fontinalis) were exposed to

low pH, plasma sodium decreased more rapidly in fish in which cortisol

—

secretion was inhibited (with metyrapone, an 118-hydroxylase inhibitor)
than in the acid-exposed control group (Ashcom, 1979)." Many more

studles suggest that sodium efflux may be controlled by the secretion of

or
.
-«
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the oeptide hormone, proleetin;' buﬁ this line of reeearch has been
ﬁampered, until lately; by the leck of an antibody sﬁecific.forisalmonid.
peolectin. Prolactin secretion in fish can be inhibited by
administration of levadopa and stimulated by L-tryptophan, so that"
plasma prolactin may be experimentally manipulated (James and Wigham,
1984). Tnv/role of prolactin in the reduction of efflux under stressful
conditions may now be tested by combining plaama measurements of
prolactin (Prunet et al., 1985) with measurements of sodium efflux
rates. Clearly, understanding these mechanisms has 1mplications beyond
problems {n aquatic toxicology, such as the effects of exercise,-
. —handling stress, Emoltifleatlon, etc., and is an important eree fof.
future research. -

A second line of defense ie probably the induction of biochemical
pathways which attempt to compensate directly for the toxic action.
B;anchial transport ATPases are inhibited in wvive by exposure to H+,
copper, mercury, and aluminum (McKeown et al., 1985; Shephard and

1477;

inhibition

Simkiss, 1973; Stagg and Shuttleworth, 1982; Bougq gneagd;
Staurnes et al., 1983; Chapter 5), but compensation for thi
has only been reported for H' and copper (Parker &t al. 1985; Shepard
and Simkise, 1978;'Stagg and Shuttleworth, 1982; Chapter 5)." ATPase
activity is easy to measure and should be included in the analysis of
the mechanism of action of any suspected ionoregulatory toxicant:
Numerous authors have also reported\@he proliferation of iﬁloride

cells during exposure to metals and low \ﬁﬂ (Calamari et a i 1980;

Crespo et al. 198;; Leino and McCormick, TLQSA, Chevalierlsg al., 1985;
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Mallatt, 1985; Karlsaon—Norrgren et al,, 1985 Karlaaon—-Norrgren e.t al.,
19863, b) Since the chloride cell is the only cell in the Branchial
epithelium whic‘h has the ultrastructural characteristica of ion
transporting tisaues (Berridge and Oachman, 1972; Laurent et al., 1985),
it is probable that the increases in ATPase activity cited above
coincide with the proliferation of chlo.ride cel.l.-a’. Perry and .Wood
(1984) found that calcium uptake and cnloride ceil ‘proliferation were

. ‘ v
correlated with both cortisel injection and softwater acclimation in

-

rainbow trout, and the present study ahowad the ‘recovery of sodium
»

uptake with an increase in the size of the ATPase . transport pool.
Unfortunately, no stud&of which I am aware, has combined phyaiological
biochemical, and anatomical analysea. Such studies will be necessary
before a complete understanding of acclimation to ionoregulatory
stressful agents is possible. o

Exposure to environmental stressors may also result in
physiolog_ical or biochemical changes which are not directly related to
the toxic insult, but which are, nevertheless, important to adaptation.
Several authors have shown that pr'ior: exposure to sub-lethal metal
concentrations lcads to enhanced lethali resistance times {Dixon and
Sprague, '1981b; McCarter et al. 1982; Duncan and Klaverkamp, 1983;
Pascoe and Beattie, 1979; Bradley et al., 1985), suggestj.ng that some
mechanism of adaptation has been 'primed' by the pre—eaposure. These
.authors have shown a correlation between hepatic metal-binding proteins
and resistance to copper and other metals, but since metallothioneins

*

are also induced by catecholamines and cortisol in mammals (Cousins,
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1985), thia may only be a secondary stress tesponse. Lethai'resistance )
and branchial metal-binding 1igands have aleo been shown to be
correlated in zinc (Bradley et al., 1985} and cadmium.(Benson and Birge,
.-1985) expoeed fieh,4but, except for the studies of Bouquegneau et al.
(1975) and Bouquegneau (1977)  with eels exposed to high 1evels of
mercury, there 1is ‘ne evideuce_ Ehat ’metallochionei;s ‘protect éill
function from toxic metals (Chapter 5; Nbel—Lambot et al., 1978). Ihe

: uncertainity about the role of metellothioneins results, in part, from
the fact that the mechanism of toxicity to fish at normal’ environmental'
levels of zinc and cadmium is not known;‘so th is not fet possible

to measure the effects of metal exposuge. on the appropriate

physiological or biochemical function. This 15 the first question which

must be addressed in etudies of acclimation to metals by fish. It is
- also important to note that although zinc and cadmium have the*gotential
. to induce branchial metallothionein, no study.has demonstrated induction
at the levels of rhese metals ghich are found in ehe polluted
environment. Furthermore, fish can adapt to elevated levels of H+
(McWilliams, 1980; Lacroix et al., 1985; C. Audet, personal
communieation), an ionoregulatory toxicant which 18 not bound by
metallothionein, se that there is no a priori reason to expect that
acclimation to copper should be dependent on the induction of
metallothionein. Thus, the recovery of electrolyte homeostasie showﬁ in
this™and other studies would appear to be a more reasonabie explanation
for acclimation to ionoregulatory toxicants in general. This could be

further tested by comparing the 96 h LCS50 of fish which have never been
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exposed to cOpper with fish which have been injected with coppér. Since
gi11 metallothionein is not’ im:‘d in injected fish (Sabourin et al.,
1982), any difference in toxicity would be due to hepatic or renal
metallothionein. |

Since - metallothionein has a high affinity for copper, it would

ot be surprizing if metallothionein plays an important secondary role

during chronic low level exposure by restricting metal accumulation
largely to the liver. The. liver is the site of ceruloplasmin synthesis
as well .as copper excretion through biliary clearance (Owen, 1965).
However, ~since ‘copper .can displace cadmium and zinc froam
metallothionein, expoeure to. mixturea. of these metals may increase
toxicity above that expected from simple additive effects, by forcing
the spill-over of cadmium and zinc into the high welecular Weight.enzyme
pool. Indeed, Roch et al. (1985) reported that aithough wild trout were
exposed to zinc,xcopper, and cadmium in the ratio of about 400:20:1,
only the ratio of copper to zinc increased in the metallothionein peak
'from the livers of these fisgh. However, the liver wag the only tissue

analysed so that it {s not known if zinc was redistributed within the
fish or excreted. Copper, zine, and cadmium also appeared in the higl“lb
molecular. weighe pool {(Roch et Ei'; 1982), suggesting that, like the
gill (Chapter S), the compensation for the effects of these metals on
liver function way also be afforded by the increased turnover of
metal-inhibited enzymes. Clearly, these considerations are very

important_ in the environment and should be considered in the

interpretation of the results of mixed~metal studies.
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. Costs of-Acclimation. ) . . : . ¢

-

-

Prechr (1958) defined a gradient of physiological responses to
stressors beginning with no. compensation and proceeding to complete

compensation, "and over-compensation. During exposure to copper,
v

acdlimation of sodium influx was completely compensated by day 21, but

over-compeneacion was found during recovery (Chapter 4). However, the
costs of acclimation to a toxlcant are different from those to such
Btresses as temperature or salinity for which this system of analysis

wag originally designed. Specifiqally, while changes in tehperature and

"salinity are compensated fqr‘lergeay ny changes in metabolic products

such as the phospholipid composition_of membranes, or by the induction

4

. of alternative isozymes of important enzymes (Hochachka and - Somero,

1973), these changes probably do not add to the ,long—tern cost of
survival. On the other hand, the' typﬁg of changes required by toxicants

are 1ikely to be 10ng-term commitmenth of energy in addition to the

coats of survival. In the present study, this would inglude’ ‘the costs -

of increased turnover of both Na -K -ATPase as well as metallothionein
molecules (Chapter 5), and these costs must come from the budget

available for growth and reproduction. ‘Indeed. McKim and Benoit (1971)

showed that even though plasma chloride and osmolarity returned --to

normal in trout exposed to about 5.2::10-7 M copper (33 ng/L) for 337
days, the growfn rate and fecundity of these fish was rsduced.
Furthermore, the second eneration of these trout were no more tolerant
of copper than their parents. Thus, apparent acclimation to cepper does

not ensure the long-term'survival of the species. This shggests_thac
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copper msy also act as an 1internal toxicant in chronic 1ow-1evel
exposures such as are found in the natursl environment. Sinte the whole

body c0pper burden of fish probably increases with age, this suggests

that complete scclimation to toxic metals may not exist in the wild, ‘but

that species longevity may only be assured by natural selection for‘

resistant genotypes. ' '

Summary and Conclusions

Copper 13 an important environmental toxicant and has been the
subject of many lethslity studies, but the present study is the: first to
examine the physiological mechanisms of copper toxicity- These studies

are easy to set—up, run, and analyse, and yield more information than

the traditionsl 96 h lethslity test. By applying stsndard physiological

proceedures for the messurement of ion fluxes, it has_been shown that
copper, at normal levels for the polluted environment, inhibits sod{ium

uqtakef probably by inhibiting brsnchial Ns+-K+?ATPase. At levels of

copper found only in the most polluted environments, sodium efflux is

also stimulated, Lethality 1is probably caused by the loss of

exchangeable sodium. Carbonate alkalinity significantly. reduces copper

toxicity, but hardness does not affect toxicity im the short-term.
s

kxposure to pH 5 0 dincreases the toxicity of copper at Jlow

concentrations but has no additive effect at high copper concentrations,
Trout are able to compensate the inhibition of sodium uptake by reducing
sodium efflux and by producing more Na —K —ATPase transport proteinsg.

The success of this approach to understanding the mechanisms of action

A
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~ of copper in rainbow trout should be generéllyvapplicable both togjother -
aquatic organisms, and to other pollupants. .
. *, , .

et
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Appendix A. Percentage of varfiance of aodium fluxes in juvenile'

rainbow trout as analysed by multiple linear regreseion. using water
copper concentration, pH and calcium as the independent variablee.

Becauee of the biphasic nature of the effects of pH and copper (see

-Chapters 2 and -3), the data have been analysed at both low (0-100

1g/L) and high (100-400 Bg/L) copper concentrationa, as well as the
entire range (0-400 pg/L). Data presented for Jin are based on log
transformations of copper concentrationa since this gave a better
coefficient of detemination (R) than copper. The significant
" effect of calcium on Ji .at’ copper concentrations. below 100 pg/L ‘was
not found when control values were omitted. Percenutage variance

calculated as R?'- x. 100. Asterisks indicate significance, where P>

0.05 = *, and P> 0.005 = Rk,
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