UR)

Universiteit Antwerpen

Universitaire Instelling Antwerpen

Departement Biologie

PHYSIOLOGICAL EFFECTSOF SUBLETHAL COPPER EXPOSURE
ON THE ENERGY METABOLISM OF THE COMMON CARP,
CYPRINUS CARPIO.

FYSIOLOGISCHE EFFECTEN VAN SUBLETHALE KOPERBLOOTSTEING OP HET
ENERGIEMETABOLISME VAN DE GEWONE KARPERCYPRINUS CARPIO

Proefschrift voorgelegd tot het behalen van dedjvaen Doctor in de Wetenschappen

aan de Universitaire Instelling Antwerpen te veided door Gudrun De Boeck.

Promotor: Dr. Ronny Blust Wilrijk, 1996.






TO ALL THE PEOPLE

WHO BELIEVED IN ME
What if we live to be fifty

ALL THE WAY And the optimists win by a mile

Supposing we stop the starvation
And the century ends with a smile

AND SUPPORTED ME: Maybe recycling paper
Will bring back the forests again
THANK YOU! And maybe five year old psychos with knives

Will grow up to be happy and sane

So give up your cigarettes
Work out and study
And carry a packet of three
we'll live to be rich

LOVE, and one hundred and seven
Unless you know better than me

GUDRUN What if we live to be fifty
And help all the weak and oppressed
We'll cancel their debts & no-one will expect us
To work any harder for less
We'll spend our way out of recession
The West will invest in the East
So hordes of poor never swarm out door
Demanding a share of the feast

So give up your cigarettes

Work out and study

And carry a packet of three
we'll live to be rich

and one hundred and seven
Unless you know better than me

Science will beat every fatal disease
Plutonium’s perfectly save

They'll find a solution to all the pollution
It's only a matter of faith

What if we live to be fifty

And the bomb doesn’t drop after all

And we never lie destitute, freezing and sick
As the mortar shells batter our walls

We'll cheer as our glorious leaders

Develop new weapons for peace

They'll base a new military laser in space
And the ozone will heal in a week...

So give up your cigarettes
Work out and study

And carry a packet of three
we'll live to be rich

and one hundred and seven
Unless you know better than me

Tom Robinson
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General introduction

GENERAL INTRODUCTION

Through human activities, continuous changes haveurred in aquatic
ecosystems throughout the world. For example lewélsnetals have increased in
aguatic ecosystems in a number of industrialisedsaNriagu and Pacyna, 1988).
They increase directly, as a result of atmosphéejgosition, waste water discharge
and runoff (e.g. Hg, Cd, Cu and Zn), or indirecttyough increased solubilisation and
mobilisation from sediments owing acidificationgeAl and Fe). While both marine
and freshwater ecosystems are threatened, solt waters that are poorly buffered
are particularly sensitive because they are they @aquatic habitats prone to
acidification. Metals which are of the greatesta@an are Hg, Cd, Cu, Pb, Zn, Al, Mn
and Cr, approximately in order of decreasing tayici

Severe changes in an aquatic environment, sucbxas spills, may result in
sudden mortality of inhabiting species. These ajis@vents are relatively easily
detected, and the presence of acute toxicity iretheronment can be measured using
acute toxicity tests. Much more difficult to detestthe biological impact of more
subtle environmental changes, which might not kaidnmediate mortality, but could
affect growth and reproduction at longer terms.

If individual organisms are exposed to environrakohanges, they will try to
cope with these changes, and may do so by alt@trygiological and biochemical
processes. These alterations, even when relatisgigll, may not only lead to
modifications in the energy status and fitnesshaf organism, but can also affect
populations and entire ecosystems. For exampleappearance of a pollutant in the
aguatic environment may increase the metabolic ddned an organism to maintain
homeostasis. As a consequence, its nutritionalir@ments may increase, potentially
above food availability. The oxygen consumption nmayease, making the organisms
more susceptible to oxygen stress. Growth rates ofenge, potentially altering

predator-prey relations. The adaptation processey mnequire energy, thereby



General introduction

decreasing the fitness of the organism, and remglgti more susceptible to other
stressors. The pollutant may also trigger a mignatowards other regions. All these
effects may eventually result in local disappeagaoicspecies and profound changes
in the structure and functioning of ecosystems. r@loee, it could be of great
importance to recognise changes in the physiolayy lBochemistry of organisms
exposed to environmental changes at an early stage, to acknowledge their
importance at longer terms. Early detection of sebnts, may allow sufficient time
to interfere with the cause of pollution beforeswrersible changes in the ecosystem
have occurred.

Aquatic toxicologists have long sought for a singll purpose method to assess
environmental health or condition. As Cairns andnVder Schalie (1980) so
appropriately have put it: ‘This is the contempgreersion of the search for the Holy
Grail and almost certainly will be no more succebsfin other words, no single
method will ever serve for all situations. It seesae to state that the same conclusion
applies to the use of physiological and biochemmahsures to monitor the health of
fishes. There will always be a need for a varidtynethods in order to be responsive
to all types of potential forms of degradation o&ter quality. In order to detect
possible effects of pollutants on the fitness shfifish physiology has become an
integral part of aquatic toxicology during the lalicades. From approximately the
mid 70s, aquatic toxicology has increasingly udesl tools of physiologists. This is
partly to understand why a fish or invertebratdebilitated, but it is also because of a
realisation that many sublethal effects may ocdthmaut necessarily resulting in death
of the individual organism. While bioassays extegdover several generations are
useful and certainly the more sensitive tools taibed, they are also extremely time
consuming and expensive to carry out. Due to tisadvantage, there has been a
considerable interest in developing physiologicadl diochemical tests, commonly
known as biomarkers , to assess the fitness oftiacaramals.

From purely physiological standpoint, the preserafe pollutants in the

environment at sublethal concentrations can be idered to be an important



General introduction

environmental variable to which fish respond phiggiacally and thereby reveal basic
mechanisms of fish physiology. Because physicangbal and biological conditions
of ecosystems are continuously changing due to mdnkhe curiosity to understand
the results of those perturbations at several $evkbiological organisation is a goal in
itself. In the long run, it might lead to a broadkeoretical construct, which might
allow better predictions of effects of environmeéngarturbations on organisms in the
future.

The different levels of biological organisationan organism should always be
kept in mind when investigating the effects of ppin. When environmental changes
affect an organism at the cellular level, this valso reflect on organ functioning,
which on its turn can cause changes at the hornmmadural level and alter the total
physiology of the organism. Or, if a pollutant &t sensory organs, this may change
the release of neurotransmitters, which might otfile a different hormonal control of
organ and cellular functioning. Looking at the drnt levels of organisation, it is
important to realise that no level is more importdran another. Each level offers its
unique problems and insights; each level findsekplanation of mechanism in the
lower levels, and its significance in the higherels. As a rule, the higher the level,
the more generalised the response. So, if one wighassess the general "health" of
an organism, higher levels are more appropriatenvdver, if one is interested in
studying more specific actions of various procesaesl wishes to understand
mechanisms, lower levels should be investigated.

When considering the biochemical functioning ofarisms, copper is an
essential element in several processes. It issangal part in different enzymes and it
is important in the formation of bone and brairsuis. Thus, low levels of copper
intake are necessary for vertebrate function. Whkernironmental copper levels
increase beyond the normal levels in an aquatisystem, the metal becomes toxic to
the different species inhabiting that ecosystend, the disruptive effects of the heavy
metal become apparent. Indeed, copper appears &ovieey puissant toxicant when

present in excessive amounts.
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The aim of the presented research is twofoldo Btudy the effects of sublethal
concentrations of copper on the physiology of tmmon carpCyprinus carpig at
different levels of biological organisation, andt@)evaluate the possibility to employ
the changes in these different physiological preegsas sensitive biomarkers for
sublethal stress. Four series of experimental ssugdere made, studying the following
processes during copper exposure: growth, capdoityprotein synthesis, use of
energy stores, total aerobic metabolism, relativetgin catabolism, use of
phosphorous compounds during rest and after aniaolai mild exercise, and changes

in neurotransmitters involved in hormonal control.
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Literature study

CHAPTER |: LITERATURE STUDY

1.1. General aspects of metal toxicity

1.1.1. Fish gills, the main site of water-borne aheiptake: structure and function

There is an important difference between the wutg which a foreign
chemical is taken into a terrestrial animal or iatbaquatic animal. This is because the
aguatic environment imposes more constraints orathmmals in it. For example, to
obtain sufficient oxygen, a fish must breathe rdy@® times more of the respiratory
medium (i.e. water) than a terrestrial animal. Elf@me, the gill tissue will be exposed
to a far greater amount of disolved pollutants tharair breathing animal, even taking
into account the lower oxygen consumption of a wdteelling poikilotherm. The gill
comprises over half the body surface area; herg anfew microns of delicate
epithelium separate the internal environment froncoatinually flowing external
environment of which the chemical and physical ahtaristics may vary greatly over
time and space. The organ is both morphologicaflg ahysiologically complex,
performing multiple functions simultaneously suehgas and solute exchange, acid-
base regulation, nitrogenous waste excretion,. &e.such, it is the primary receptor
surface for all changes in the external environmamd its response, whether adaptive
or pathological, invariably determines the extehthomeostatic regulation of the
internal environment.

The qills of fish constitute a sieve like strueuplaced in the path of the
respiratory water flow (Hughes, 1984; Laurent, 1984he sieve is formed by the gill
arches, filaments and lamellae (Fig. 1.1.). Thelpnanant cell type are the pavement
cells which generally cover more than 90% of tHanfient and lamellar epithelium

and are joined to each other by tight junctiongr{Pand Laurent, 1993). The filament
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epithelium is typically multi-layered while the I|afttar epithelium is normally
composed of a double layer of cells separated Ibyaedlular spaces. Whereas the
lamellae and its pillar capillary network are calesed to be the gill exchange area,
the filaments contain the major sites of vascutafysion control and musculature for
orientation of the exchange surface (Laurent andeul980). Blood flows through
the lamellae in a direction countercurrent to tbatthe water flowing over the
lamellae, and gasses and ions are transferred &etwater and blood across the

lamellar wall.

Opercular
cavity B

filamemts

Water
flow

cells

Lamellae

C

D Pilar
cells vesseal cut across

Figure 1.1. General structure of a teleost gill: adrizontal section through the head of a

Blood Filament
generalised teleost showing four pairs of gill aeshb) a part of two gill arches
with two rows of gill filaments; c) a transversecsen of a filament showing
lamella in side view; d) a transverse section oflamella. Arrows indicate
directions of water and blood flow (redrawn fromrBeand McDonald, 1993;
Eckert and Randall, 1978; Olson, 1991).
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Most important for ion exchange are the chlorigds¢ which comprise less
than 10% of the gill surface area. The ultrastnadtteatures of a chloride cell include
an abundance of mitochondria, an amplificationhaf basolateral membrane to form
an extensive tubular network within the cell andeal developed vesicular system in
the apical regions of the cell, all characterisiéscells which are involved in ion
transport. Chloride cells are most abundant initherlamellar regions and on the
afferent side (trailing edge) of the filament (Lentr and Dunel, 1980).

A third type of cells are the mucous cells, wheste most abundant on the
efferent side (leading edge) of the filament (Laurand Hebibi, 1989). The mucus
secreted by these cells is a polyanionic glycopmotnd its suggested functions
include defence against pathogens, prevention dbulent water flow during
swimming and ionic regulation. It has been showat thucus not only binds metals
but also retards their diffusion rate (Part andk,d®83). The thickness of the mucus
layer is known to vary, but has been estimated @oabout three um in resting,
normoxic fish (Randalet al, 1991). When gills are ventilated with water afieutral
pH, the interaction between G@nd ammonia excretion in this mucus layer resalts
a net excretion of acid (Lin, 1989). The overafeet of this acidification in the gill
microenvironment has important consequences forlmahding and uptake (see
below: part 1.1.2.).

1.1.2. Mechanisms of acclimation to metals in §sls

As stated above, the main, or at least the initiedet of metals in fish are the
gills. The disturbances caused by metal exposueesiech that an impairment of both
gill transport and gill barrier functions are sugigel. At low exposure concentrations,
or short periods of exposure, the normal homeastagichanisms of the gill are able to
cope, and no damage is sustained (Fig. 1.2.). dsorg concentrations or longer

exposure however, may initially cause reversibleyspilogical changes and
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subsequently some impairment of gill function. Toglly, the disturbances caused by
metal exposure are characterised by an initialckhphase of fairly short duration
during which the disturbances develop fairly rapiddnd a longer-term ‘recovery’
phase during which the disturbances diminish gridgluahe organism may, in some
instances, fully recover in the continued preseoicéhe metal, but more usually it

moves into a new physiological steady state (Mcbaad Wood, 1993).

— Threshold for lethality
—— & Threshold for sensitization

I = ‘Window for acclimation
———» Threshold for acclimation
—  Threshold for detectable morphological disturbance

DISABLITY e

.

h Threshold for physiological disturbance
{e.q. increased ion losses)

" Figure 1.2. Effects of an increasing dose of adamt on the physiological processes of an
organism (redrawn from Hellawell, 1986; McDonalddawood, 1993).

1.1.2.1. The shock phase

In the initial shock phase morphological gill dayeabccurs. At moderate levels
of exposure, the damage consists of separatiopitifeial layers, tissue oedema and
clubbing of lamellae, while at more severe levéissue necrosis and rupture and
fusion of lamellae become more prominent (Mall&33). The morphological damage

phase roughly corresponds to the physiological ckhophase. The latter is
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characterised by inhibition of ion uptake at lowtatdevels, with stimulation of ion
efflux at higher metal levels, thereby leading & on losses (Spry and Wood, 1985;
Laurén and McDonald, 1987a; Wood and McDonald, 19&d and McDonald,
1988). A direct poisoning of branchial ion-trandp&T Pases (Stagg and Shuttleworth,
1982a; Staurnest al, 1984; Laurén and McDonald, 1987b; Verbestal. 1988) is
implied in the inhibition of ion uptake, whereassription and widening of tight
junction are implicated in the increased effluxg@raet al, 1991). The effects of Cd,
Zn and Mn are directed towards disrupting Gzalance, whereas the effects of Cu, Al
and Cr are directed towards disrupting' dad Cl balance. These initial responses are
followed later by compensatory responses, includmypertrophy of mucous and

chloride cells, and a general thickening of tharfiental and lamellar epithelia.

1.1.2.2. The recovery phase

There is a general agreement that the secretioruotis, as one of the first lines
of defence, is an important mechanism for protectine gill tissues from toxic metals.
Mucus release has been shown to be a more senaitiicator of metal exposure than
mucus content, which on its turn is a better inicdhan the amount of mucus
producing cells (Lock and Van Overbeeke, 1981)e&d] Playle and Wood (1989,
1991) showed that for Al-exposed rainbow trout biveing of aluminium by the gills
could only account for 10 to 15% of the aluminiurtracted from the water passing
over the gills. It is therefore likely that the kudf aluminium extracted from the water
is bound by mucus produced by the gills which afseds is quickly washed away.
Furthermore, it has been shown that mucus notlainlys metals, but also retards their
diffusion rate (Part and Lock, 1983). The way mucetsrds electrolyte loss is less
clear. Mucus certainly inhibits Qdiffusion (Ultsch and Gros, 1979), but there is no
evidence that it also retards diffusion rates of,N&i or C&". It is more likely that the
presence of mucus creates an unstirred layer witchrmhigher concentrations of

electrolytes in the matrix next to the epitheliatface than the water (Shepard, 1982;
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Handy, 1989). In this way, both ion loss is retaréed active ion uptake across the
epithelium is facilitated.

A second line of defence is the reduction in igmecmeability of the gills, i.e. a
rapid response which probably already occurs wihigsical damage is still increasing
(Laurén and McDonald, 1986). The exact mechanisrhisfreduced permeability is
unknown, but possible mechanisms include: the lmélision and clubbing which
reduces the surface area, the swelling of epithedibs which increases the blood to
water diffusion distance, and finally hormonal ans are suggested to stabilise the
tight junctions and the binding of protective diat ions (C&, Mg?") on the surface.
Also mucus secretion appears to be under hormamdtal (Mattheij and Sprangers,
1969; Mattheij and Stroband, 1971; Marshall, 19/5,9).

After these first lines of defence a phase of camp&on and repair follows,
even in the continuous presence of the metal depgrah the metal concentration.
The gills return to a more normal appearance meathiait rupture of epithelial layers,
tissue necrosis, and clubbing and fussion of laaeetlisappear. Hypertrophy of the
mucous and chloride cells can remain, together \aitthickening of the lamellar
epithelium. lonic uptake rates recover and ion lates are reduced, and the internal
physiology returns to normal. Moreover, the fiskee\become more resistant when
challenged with a further increase of the metatledt least three mechanisms can
account for this phenomenon (McDonald and Wood,3)99) alterations in the
barrier properties of the tissues which act to ei@se the net uptake rate of the metal
(continuous higher rate of mucus secretion by thgehrophic mucous cells and a
thicker lamellar epithelium), 2) an increase inrgge and detoxification of the metal
once it has entered the gill tissue (enhanced sgiglof metallothioneins), and 3) an
increase in resistance of metal sensitive brangimatesses (increased synthesis of
Na'/K* ATPase and Ca ATPase in hypertrophic chloride cells, higher fid
affinity of the cell surface ligands for €3

16
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1.2. Copper

Copper (Cu) has an atomic number of 29 and maeaueight of 63.546. It
occupies a position between nickel and zinc insilegroup 1B of the periodic table.
Copper comprises about 0.007% of the earth’s emdtexists as sulphide ores such as
chalcocite (CpS), covellite (CuS), chalcopyrite (CuRgSand chalcanthite
(CuSQ.5H,0). Copper’s valencies aré, 2" and 3.

1.2.1. The physiological role of copper

Copper is an essential element and part of abbutytenzymes and
glycoproteins (e.g. amine oxidase, catalase, cytmol oxidase, feroxidases,
peroxidase, superoxide dismutase...). Since oxiglattnzymes (e.g. catalase,
cytochrome oxidase and peroxidase) require Cuntbtal is involved in hydrogen
peroxide organic substance destruction and eneigguption. Copper promotes iron
absorption from the gastrointestinal system, ioived in the transport of Fe from
tissue into plasma, helps to maintain myelin in fi@evous system, is important in
formation of bone and brain tissue, necessary &mnfoglobin synthesis, and other
important functions (Abdel-Mageed and Oehme, 1988pper is bound ta-globulin
(cerukoplasmin) in the blood and transported to likker, kidney, heart, central
nervous system, bone, and muscle for storage.

Because Cu is essential to so many functions | vertebrate body,
homeostatic mechanisms are involved in regulatiomternal levels. Under normal
circumstances, uptake of trace levels of coppersaféicient to maintain internal
homeostasis. When copper levels exceed certairevdlawever, regulatory capacity
Is overcome, defence mechanisms to protect agaxesiss copper are insufficient, and

toxic effects appear.
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1.2.2. Copper in the aquatic environment

When metals enter a natural aquatic system, theavailability may be
significantly decreased. If there is a consideradheount of organic material or
suspended solids, the actual amount of dissolvedlraeailable for uptake by the fish
iIs greatly reduced. This tendency to form complewath organic and inorganic
ligands (primarily carbonate and hydroxide) variggh the metal. For example,
copper binds to organics more readily than dodgeitadmium or zinc (Enget al,
1981). As a result it is important that only dissal metal is measured rather than its
total concentration in the water, in order to assé®e amount of metal actually
available to the fish. Most natural water systernstain a vast array of organic
complexing agents which can substantially reduee €4* concentrations in aqueous
systems. This list includes humic and fulvic acakrived from rotting vegetation
(Zitko et al, 1973; Browret al, 1974; Sylva, 1976), amino acids (Broetnal, 1974),
suspended solids (Browet al, 1974) and nitrogenous waste products (Sylvagl97
Moreover, absorption of free €uby sand, gravel and suspended clay is important in
these systems (Sylva, 1976). Because many compglegeants are normally present in
water, synthetic water solutions are best suitedatooratory testing (Sorensen, 1991).
Therefore, synthetic 'standard moderately hard mvatas used in our studies which
was prepared according to the 'Standard methodshéoexamination of water and
waste water.' (American Public Health Associatit®89).

Even when only the dissolved copper fraction iasttered, identification of
specific, toxic copper species in the aquatic emrirent is a controversial issue
(Sorensen, 1991). Speciation of copper is expectdek highly variable from system
to system and from one time to another within thee system. The list of toxic
copper species often includes CuOffagenkopkt al, 1974; Howarth and Sprague,
1978), and Cy{OH),** (Howarth and Sprague, 1978). However, without tjioes
CU*" is considered to be the most toxic (Stiff, 197 1&hagenkoptt al, 1974; Sylva,
1976; Howarth and Sprague, 1978). With the watenpmsition as in Table 1.1., the

18



Literature study

speciation of the different copper species wasutatied by the SOLUTION speciation

program and is given in figure 1.3.

CaSQ.2H,0 0.348 mM
MgS0;.2H,0 0.500 mM
NaHCO; 1.143 mM
KCl 0.054 mM

pH 7.4-7.8

Table 1.1: Composition of standard moderately havdter according to the 'Standard
methods for the examination of water and waste mwvgemerican Public Health

Association, 1989).

It is clear from figure 1.3. that pH plays an imgant role in copper specation.
In fact, with a pH of 7.5 in the water, pH of thater in the narrow spaces between the
gill lamellae would have been about 7.0 (accordimghe results of Lin, 1989 for
rainbow trout, see above: part 1.1.2), and theegfoopper at this main site of water-
borne metal uptake would occur as: 77.3% Cand 6.6% CuOH i.e. two of the

major toxic forms of copper.
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Figure 1.3. Copper speciation in synthetic standardderately hard water at 20°C as a

function of pH calculated with the SOLUTION spdoiatprogram

During the 70's and 80's, research was complédiedgted towards explaining
copper toxicity as a function of copper speciatione of the most debated issues was
whether total hardness or alkalinity of water is thajor modulating factor controlling
the toxicity of copper in fish. Stiff (1971a) measd C§* concentration and pH in a
series of three bicarbonate systems (0.001, 0.002#£05 M) and four concentrations
of total copper (0.79 puM, 1.57 uM, 7.87uM and 15pM) to simulate the water
composition of most natural waters. If Cwere the toxic form of copper and CugO
was relatively non toxic, this would account foe thifference in copper toxicity in
water of different hardness. Toxicity would not te¢ated, to hardnegser se but to

the covarying alkalinity. Other researchers alsmsatered alkalinity of more
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importance than hardness in protecting fish frormppeo toxicity (Pagenkopét al,
1974; Laurén and McDonald, 1986).

In contrast, other scientists believed that tb&dness is more important than
carbonate-bicarbonate alkalinity in protecting ffsbm copper poisoning (Miller and
MacKay, 1980). Fingerling rainbow trouSd&lmo gairdneli were used to determine
effects of water hardness and alkalinity on thapient lethal concentration which
caused 50% lethality (ILC50) for copper. At low wahardness (12 ppm), the ILC50
of copper did not change despite a five-fold chamgalkalinity (10 to 50 ppm).
However, at 10 ppm alkalinity, a ten-fold increaséardness (12-120 ppm) caused a
five-fold increase in ILC50. Moreover, at a hardned 100 ppm, increasing the
alkalinity significantly reduced copper toxicity. h&refore, although increasing
alkalinity reduces copper toxicity in fish exposedhard water, Ca levels (or total
hardness) were thought to be more important tharcéinbonate-bicarbonate alkalinity
in protecting fish from copper toxicity.

More recently, research has been extended towanelsmbrane biology to
incorporate the characteristics of membrane prdigamds as well as the speciation of
the metals in the water (Simkiss and Taylor, 19¥85). Indeed, some observations
could not be explained by metal speciation only. &ample, even at high pH values
of the surrounding water, copper was observed tovdry toxic, although Ci
concentrations were very low (Howarth and Spra@9&8, Miller and Mackay, 1980).
Recalculation of the data from a number of soutcestandardise it to a constant
hardness led Borgmann (1983) to conclude thatatkieity of copper ions increased as
the water pH increased. This implies either thameoinorganic complexes are
extremely toxic, or that pH has a direct effecttbe uptake of copper. The latter
suggestion is being favoured now. If copper isdpamted across cell membranes by
binding to carrier ligands, then pH will directlffect the ionisation of these groups,
and protons may actually compete with the ligarfust twere involved in copper
transport. This is supported by the fact that at fuH biological uptake of copper
decreased although the metal availability increg€esnpbell and Stokes, 1985).
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Furthermore, a gene encoding for & ®iTPase has been isolated from human
patients suffering Menkes disease recently, a tomdiassociated with copper
deficiency. This finding of the Menkes gene is fitet characterised example of a

eucariotic trace metal binding membrane proteim{eia 1993).

1.2.3. Toxic effects of copper on fish

A vast number of papers have been published comgethe effects of copper
on fish, displaying a wide variety in responses #&mdc levels. The differences in
copper toxicity depend on water composition (seevab part 1.2.2.), temperature
(Lydy and Wissing, 1988), size of the fish (Laurémd McDonald, 1986) and the
species used. Also previous exposure to copperitanthe toxicity of copper in fish
(Dixon and Sprague, 1981).

The large number of copper containing enzymes glgdoproteins in fish
probably accounts for the diversity of biologicHkets; effects which appear in nearly
every system evaluated in teleosts. Haematologgltexed, as is respiratory and
cardiac physiology. Copper induced histologicakrations are found in the qill,
kidney, hematopoietic tissue, mechanoreceptorsmoleceptors, and other tissues.
Reproductive effects are noted at low levels ofpavpnducing blockage of spawning,
reduced egg production per female, abnormalitiesiewly hatched fry, reduced
survival of young, and other effects.
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1.2.3.1. Behaviour/Spawning/Reproduction

Fish are sensitive to low levels of copper inweder. Giattina and co-workers
(1982) show that rainbow trous&lmo gairdneli are capable of detecting as little as
0.02-0.04 pM of copper (12°C, pH 7.3, total har@gn@8 ppm as CaG{p These
values are based on declines in residence timgsallow concentration-gradient tests.
In steep concentration-gradient tests, trout aabidut 0.07-0.10 uM of copper. Trout
spend over 30% less time in 0.09 uM of copper ihatontrol solutions. Residence
times and activity of trout in copper contaminateater are inversely related to copper
at low concentrations. However, rainbow trout app#y are attracted to higher
copper levels in the water (5.26-6.07 uM). This mhipe due to narcotic effects,
changes in chemoreceptor sensitivity, or damagehtemoreceptors (Gardner and
LaRoche, 1973).

Once fish have detected the presence of coppey,ubually attempt to escape
the source of copper pollution as fast as possitle increased swimming speed and
skipping of exploratory behaviour (fish swim longkstances between turns and make
fewer directional changes). For Atlantic silversidedidia) a typical migration
schooling behaviour occurred (Koltes, 1985). Inualg on hardhead sea catfigkriiis
felis) Steele (1983) showed that this tendency of hypergcts dependent on copper
concentration: catfish exposed to 1.57 or 3.15 pfMcapper showed the typical
hyperactive response, while catfish exposed to @08.79 uM of copper were less
active than fish in the control group. Also Ellgdaand Guillot (1988) found a
decreased level of activity in bluegilLlépomis macrochirys which was dependent
both upon concentration and duration of exposurarkield impairment of migratory
ability in yearling coho salmorOncorhynchus kisutg¢rafter exposure to 0.08 uM of
copper, affirms the potential for copper inducedvdoural impairment at levels
previously considered to be no-effect levels (Lamz McPherson, 1976).

The social rank of a fish may also alter the respoto copper intoxication.

When exposing bluegill to copper, the behaviouthaf most dominant and the most
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subordinate fish were affected by the metal to ¢reatest extent (Henry and
Atchinson, 1986). When a variety of body movemeasitevaluated at the same time,
copper concentrations as low as 0.54 uM were dsikctAlso feeding behaviour can
be altered by copper exposure. Copper has showapiess feeding rate (Drummond
et al, 1973; Waiwood and Beamish, 1978) and increasg lpaedling time (interval
between the moment a prey is taken and the morhantte fish starts to hunt another
prey) (Sandheinrich and Atchinson, 1989).

Copper affects fish in most life stages, but teproductive and embryonic
stages can be considered ‘bottlenecks’ in thechi@e, since reproductive adults and
embryos are susceptible to considerably lower tegetopper than other life stages. It
is already long known that copper exposure retasdaial development and growth
(Mount and Stephan, 1969), egg production per feroah be decreased (McKim and
Benoit, 1971; Pickeringt al, 1977), spawning can be blocked partially or ehir
(Mount, 1968; Mount and Stephan, 1969; Pickeengl, 1977) and migration can be
impended (Lorz and McPherson, 1976). At the emhcy@tage, copper can alter
hatchability as well as hatching time (McKim andnB#, 1971; Gardner and
LaRoche, 1973, Scuddet al, 1988) without changing developmental rate (Scudde
et al, 1988), which can lead to premature hatching. Astryonic deformities are
reported, especially when fish are exposed durag6i9 of their development, when
chorion permeability is high (Scuddetral, 1988, Stouthart al, 1996).

1.2.3.2. Physiology/Energetics/Osmoregulation

Introduction of copper into an aqueous environntexd usually been reported
to increase coughing frequencies (Drummehdal, 1973), ventilation rates (Spoet
al., 1971; Sellergt al, 1975) and oxygen consumption (Jones, 1947; O'HEBEL).
But when routine oxygen consumption of bluegillefpomis macrochirys was
measured, while they were exposed to copper foays,dthe initial stimulation was
followed by an inhibition (O’Hara, 1971). Both tstimulation and inhibition were
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concentration dependent. The initial stimulatorfeetf is most likely due to simple
irritation which causes the fish to greater acyivithe depression in the metabolism
following this initial stimulation can be delayedveral days (Felts and Heath, 1984),
and can not be explained by depressed oxygen cqtgumn different tissues (liver,
brain, gill) as was testeth vitro in this study. Most probably, this depressed
metabolism is caused by a reduced spontaneoustyctg has been observed in
bluegill (Ellegaard and Guillot, 1988).

When fish are forced to swim at controlled speedgper causes the oxygen
consumption to increase (Waiwood and Beamish, 19T8ys, although overall
metabolism can be depressed because of the rethamadotor activity, the metabolic
cost for maintenance metabolism seems to be ekkvaites hypothesis is supported
by results obtained by Collvin (1985) on perchcapper exposed perch, growth was
suppressed at very low levels of copper even thdoegld consumption remained
unchanged. Copper presumably does not affect dasoni efficiency in fish (Letet
al., 1976), so the explanation for the reduced grawtlst be a greater utilisation of
energy by the fish, leaving less to be used fomtoAlso in young trout, copper has
been shown to reduce growth, this time accompaoyeceduced appetite (Lett al,
1976). As with the perch, reduction in growth digaared after several days (Collvin,
1985). Since appetite returned to normal more hapichn growth rate, it appears that
the lack of eating was not the sole cause of tdeaed growth rate.

Copper causes a comparatively large upset in asgatation in freshwater fish.
Exposed fish exhibit a rather rapid decrease isméelectrolytes and/or osmolality.
The cause of death from acute exposure in freshviiateappears to be a sequence of
events which start with electrolyte loss. If thiscors fast enough, as it would with
acute exposures, a massive hemoconcentration ®llghich in turn causes a big
increase (ca. 2x) in arterial blood pressure. Rinahe heart apparently fails from
having to deal with the viscous blood and excessressure head (Wilson and Taylor,
1993). This sequence of physiological dysfunctiengery similar to that seen in fish

dying from acid exposure (Milligan and Wood, 1982Phe mechanism of the copper
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effect on osmoregulation in freshwater appearsdoab inhibition of sodium and
chloride uptake by the gills, although at fairlyghi copper concentrations also a
stimulation of passive electrolyte efflux occursonaldet al, 1988). The inhibition
of electrolyte uptake is probably due to an inlaoitby coppelin vivo of the enzyme
Na'/K*ATPase in gill tissue (Lorz and McPherson, 1976)e Tdecreased plasma
electrolytes in fish exposed to copper also caasaevement of water from the blood
to the tissues which would facilitate the hemocom@ion observed (Heath, 1984).
Little is known regarding to endocrine responsescopper. Generalised
endocrine responses to stress involve activationthef hypothalamo-pituitary-
interrenal axis resulting in release of corticosids, and in the activation of the
adrenergic system, resulting in the release ofcbalamines (Mazeaudt al, 1977;
Donaldson, 1981; Mazeaud and Mazeaud, 1981). Timapy release of hormones
will inevitably lead to secondary physiological amdchemical events. Some of these,
such as alterations in the energy metabolism, neyntmediately beneficial to the
fish, but it is equally clear that this is not alwahe case, and maladaptive effects such
as disturbed osmoregulation, immunosuppression,irarde longer term, depressed
growth and reproductive function, have become agpaOne of the first reactions to
stress is the immediate release of the catachoksmmadrenaline and noradrenaline.
These catacholamines have several beneficial sfl@ctoxygen transport, and have
been suggested to make an important contributioacid-base regulation (Brown,
1993), but since they also increase branchial paipitiy and blood flow, they are
unlikely to have any beneficial effects on osmata ionic regulation. Few minutes
later (5-10 minutes) plasma cortisol concentratistet to rise. Elevated levels of
cortisol have been measured in copper exposed (Bsimaldson and Dye, 1975;
Schreck and Lorz, 1978), as well as elevated legElglasma glucose (Laurén and
McDonald, 1985) which can be caused both by cateroeid and catacholinergic
stimulation. In contrast to catacholamines, coltibas a beneficial effect on
osmoregulation, it stimulates proliferation of aidie cells (Fuet al, 1990; Laurent
and Perry, 1990) and hence increase§¥HWNaTPase and CaATPase activity (Flik
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and Perry, 1989; Madsen, 1990). In longer termstistd reduces growth and
suppresses the immune system. The possible rgeotzfctin in copper intoxication is
not yet investigated. Prolactin reduces the giltnpability to ions and osmotic
permeability to water (Flilet al, 1989) and can stimulate proliferation of epidarm

mucocytes.

1.2.3.3. Hematology/Immunology

McKim et al. (1970) observed that copper increased the henfatocr
hemoglobin, and red blood cell count in trout whexposed for 6 days. Waiwood
(1980) also reported increased hematocrits in eapbsed to copper but he was able
to account for the entire change as being duestufaof water from the plasma to the
muscle cells, thereby producing hemoconcentratishich was also observed by
Wilson and Taylor (1993) in trout exposed to letlz@lpper concentrations. The
McKim et al. (1970) chronic study found just the opposite;ightlincrease in plasma
water. Because copper is required for hemoglobimh®gis, a mild exess may be
stimulatory, particularly if the fish were margihabeficient in copper at the start of
the experiment. Furthermore, if copper causesghtshypoxic condition for the fish,
increases in the oxygen capacity of the blood easden as an adaptation to an altered
respiratory homeostasis caused by the pollutantnanich toxic or direct stimulatory
action of the chemical on the blood cell-formingsties. A similar thing happens
during acclimation to environmental hypoxia, amdany situation where acute stress
iIs imposed on an animal, adrenergic stimulatiothefspleen can cause it to contract
and release stored erythrocytes into the circulatidilsson and Grove, 1974). On the
contrary, O’'Neill (1981) found decreased hemateaaiter copper exposure. Possibly
these fish were more sensitive to a rise in plasonasol, which is frequently elevated
in fish under a variety of stressors (physicallyemically or physiologically), and has

been seen to cause anaemia (Bol&rdl, 1993).
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Although copper sulphate is frequently used totrmbrexternal columnaris
infections of pond fishes, the general effect gbpmr on immune systems of fish is
suppressive. The positive effects of copper onciidas with external unicellular
parasites is probably based on the lower resistahtdee parasites against the copper
toxicity compared to the fish. O Neill (1981) showsat copper exposure reduces
antibody levels in brown troutS@lmo truttd and common carpCyprinus carpid.
Also in an in vitro study with antibody-producing cells, copper works
immunosuppresive (Andersaet al, 1989). In air-breathing catfistBéccobranchus
fossilig, a 28 day exposure to copper resulted in a deperdlent depression of
antibody production, depression of phagocytic dgtivof spleen and kidney
macrophages, and a suppression of T-cell actiWiyafigarot and Tripathi, 1991).
When zebrafish were exposed to copper for 7 dagksa dependent suppression of
kidney lymphocyte number was observed, and macgmlaativity was loweredh
vivo as well asn vitro (Rougieret al, 1994). When striped bass were exposed during
96 hours to copper prior to a challenge with twauredly occurring bacterial species
(Vibrio anguillarum and Pasteurella piscicida susceptibility of the fish to these
infections was increased (Hetriek al, 1982). So, while copper may be protective for

some external diseases, defence against inteffieations is compromised.
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1.2.3.4. Accumulation/Metallothioneins

Deposition of copper in tissues and organs is vanable. In liver, the organ
with the highest concentration factor for copperufi®)set al, 1973; Buckleyet al,
1982; Felts and Heath, 1984; Stagg and Shuttlewd®82b), one-thousand-fold
differences can exist between related speciesatetlefrom uncontaminated areas
(Frazier, 1984). White perchMprone americanpcan accumulate hepatic levels of
43.98 mM of copper, compared to the normal levedlwdut 0.05 mM found in striped
bass Korone saxatiliy. In white perch, 70 % more copper is found in tluelei and
plasma membrane fraction compared to striped l&asgper containing granules are
observed at optical and ultrastructural levels. o8gtyc copper in both species
associates with a protein similar in weight to lethionein. Mechanisms to explain
elevated hepatic levels of copper in white perchehaot been elucidated, however,
possibilities include accelerated metallothioneyntBesis with enhanced storage
capacity (e.g. cytosolic or lysosomal). In contrast renal uptake, hepatic
accumulation is both time- and concentration-depahdNeither the brain, spleen,
gonad or muscle seem to be involved in copper aaatman since copper levels in
exposed fish are similar to those of control fiBerfoit, 1975).

In a study by Felts and Heath (1984), three d&yxposure of bluegill sunfish
to sublethal levels of copper only resulted in gngicant rise of copper in the gills.
Only after 7 days of exposure, the liver exhibitedge increases in copper
concentrations. At least some of this elevated epgpncentration in the gills could
be accounted for by the mucus on the gills, whiahnot be removed completely
during gill preparation for analysis. In coho satmplasma copper rose on day one of
copper exposure, but after two weeks or more obsupe, this elevated level had
dissapeared (Bucklegt al, 1982). During this time, the copper concentraiiorthe
liver steadily increased. Thus, it appears thatpeopvas rapidly removed from the
plasma by the liver and/or there was a reductiocdpper uptake rate by the gills

during the first few days of copper exposure. Aculation of copper by liver can be

29



Chapter 1

greatly influenced by the nutritional level of tlexperimental fish. When fed and
starved yearling roaciR(tilus rutilug were exposed to waterborne copper for 7 days,
only the starved fish accumulated copper in therliGegner, 1987). Because one of
the major functions of bile is digestion, it is gaegted that starved fish were unable to
dump copper from the liver into the bile due toueed bile production.

Metallothioneins have been found in at least 3dcss of elasmobranchs and
teleosts (Roesijadi, 1992). They are low molecwaight polypeptides with many
sulfhydryl groups due to the large amount of cystein the molecule. Because of
these sulfhydryl groups, metallothioneins bind aety of metals, both essential and
non-essential. For essential elements (such asec@m zinc), the metallothioneins
sequester or donate the metals depending on defearehd concentration of the
metal in the cell. Non-essential metals are sequestoy the metallothioneins, thereby
reducing toxic interactions with other cellular f@ins. In fish, they have been found
in gills, intestine, kidney and liver. Metallothieims generally exist in metal-saturated
form (Hodson, 1988). Thus, in order for them tooady additional metal, there must
be synthesis of additional metallothioneins (oreotimetal binding proteins) or
displacement of one metal by another. Each of tihesehanisms comes into play at
certain times.

It is well established that a variety of metals¢luding copper, induce the
synthesis of additional metallothioneins (Hamer8d)9 It has also been found that
acclimation to low levels of copper can resultoweér toxicity (Buckleyet al, 1982;
Dixon and Sprague, 1981). This increased toleraioeveards a metal has been
associated with the elevated levels of metallothilosin one or more tissues. Elevated
levels of metallothioneins in gills or intestine yn@duce the rate of metal uptake in
the blood (Peteringt al, 1990), although the major mechanism of increaskedance
Is presumed to be the enhanced ability to sequéstemetal. The ability of fish to
acclimate to a metal varies with the particular ahe€hapman (1985) reviewed the
literature and ranked Zn, Cu and Cd in decreasmgroZn > Cu > Cd while Eaton

(1985) found the reverse for their binding affiegtito the metallothioneins which is:
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Cd > Cu > Zn so the acclimation may not be as als/@s it appears. The kinetics of
metallothionein formation after copper exposure basn investigated by McCarter

and Roch (1984). With continuous copper exposuepatic metallothioneins rose

steadily and stabilised after 4 weeks at a levgleddent on the copper exposure
concentration in the water. Thus the rate of metialbnein synthesis was controlled
by the rate of copper uptake. Transfer of the awated fish to water not contaminated
with copper did not result in a significant lossmétallothioneins after 4 weeks, so

once they have been formed, metallothioneins agpdae rather stable.

1.2.4. Official copper guidelines

Official water quality criteria for copper diffén different states and countries,
but in all cases copper is concluded in the lispdrity pollutants. The most recent
water quality standards of the United States Emwirental Protection Agency lists
under freshwater aquatic life criteria for copperadue of 6.54 ug/l (0.10 uM). The
Dutch normation for copper is in the same ranggigd (0.05 puM). The Belgian
normation (Animal, Vlarem) is considerably high&@: pg/l (0.47 uM).
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Introduction to the experimental work

CHAPTER I1: INTRODUCTION TO THE EXPERIMENTAL WORK

2.1. Thetest organism: the common carp Cyprinus carpio Linneaus

Class Osteichthyes
Subclass Actinopterygii
Order Cypriniformes
Suborder Cyprinoidei
Family Cyprinidae

Specie€yprinus carpio

Cyprinids have been cultured by man since agesgy Thtave many natural
advantages for cultivation. Species in this farhdye colonised a very wide variety of
biotopes, posses the ability to withstand a widegeaof temperatures and oxygen
levels (e.g. common cargyprinus carpio are especially tolerant to low dissolved
oxygen concentrations), feed at all levels of tlophic chain (phytoplankton, micro-
and macrozooplankton, benthos, macrophytes any &skl display variable modes of
reproduction. Cyprinids are naturally found in vedierse habitats (e.g. streams,
rivers, lakes, ponds) and can therefore be raisead ivariety of diverse culture
conditions. Cyprinids have a wide geographic dsition, thanks in part to human
intervention, and are now found and cultured ontngostinents (yearly production:
1.8 million tonnes). They are characterised by:ratrpsile mouth, toothless jaws,
toothless palate, and enlarged toothbearing phaaingones which grind the food
against a keratinised pad at the opposite sidaeothiroat. The pharyngeal bones bear
three rows of teeth (4.1.1) important for determgnihe species.

Carp culture in China extends back to at least BZ5when Fan Li wrote a

treatise on the subject. In fact, carp were then@ry object of culture until the Tang
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dynasty came to power in AD 68. The name of theaR&amily and the Chinese

word for carp, ‘Li’ were similar and the carp beaam royal fish which could not be

caught or eaten. This stimulated than cultivatibrg@ass carp and other species. In
Japan, the carp became the emblem of the sameube it ‘withstands opposition

and swims against the current’ and as the symbaoafage , energy and firmness
(Banarescu and Coad, 1991).
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Figure 2.1. Wild type of the common carp, Cyprioaspio (from Pivnicka and Cerny, 1990).

Common carp are abundant in streams, ponds awrd lelkEurope and Asia.
Originating from the region of the Kaspic Sea, thegre distributed over Europe by
monks who cultivated carp in ponds during the Meddiges. Besides in Asia,
common carp are still of major economic importanceEastern Europe (yearly
production:x 141.000 tonnes) and Israel. The wild form of commarp (Fig. 2.1.) is
characterised by two long and two short barbelshenupper lip and 33-40 large

cycloid scales on the lateral line, total lengthallyy 25-75 cm. Other forms have been
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bred (Fig. 2.2.) featuring higher backs and lesdesc Breeding season is June-July,
when they mate in shallow water putting the eggsvéen water plants (93.000 to
1.664.000 eggs per female). Carp larvae emerge &fedays and grow up to be
adults after 3-5 years. Under cultured conditisaproduction is initiated artificially.
Cyprinus carpiohas been chosen as test organism because ouinslaaice in
Europe and its economic importance. In water of lakdness (50 mg'las CaC@),
sensitivities ofCyprinus carpioandSalmo gairdnerito copper are similar (Peres and
Pihan, 1991). Furthermor€yprinus carpiohas been approved as test organism by
OECD and EPA. We obtained our carp from the Agtwal University of

Wageningen (The Netherlands) where they are brddrurontrolled conditions.

Figure 2.2. Different cultivated types of commomp¢aCyprinus carpio (from Pivnicka and
Cerny, 1990).
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2.2. The different methods used for monitoring physiological processes

Sublethal Lethal
NU Meusurnbl! —-'f’-_._———‘__
Effect
Dose Response
Ronge

Response —»

Reversible ond
Irreversible Processes

/

Threshold LCsq

Concentration of Chemical —»=

Figure 2.3. ldealised diagram of the effect of tencentration of a pollutant on the

physiological response of an organism (from He&f95).

Figure 2.3. illustrates the general effect of ai®nmental concentration of a
chemical on an organism. At very low concentratidhe stress responses caused by
the chemical are minimal, and can therefore nankbasured. The sublethal threshold
for observing a physiological effect when an orgamis being exposed to a pollutant
will vary with the response that is being measuhMdnitoring different physiological
processes at the same time therefore not only makedsrstanding of the different
effects of a pollutant on an organism possiblalsb enhances the chances of finding a
biomarker with a threshold of physiological relesanWithin the sublethal range, a
wide variety of reversible and irreversible proesssake place. Prolonged exposure
within the upper end of the sublethal range mayseadeath through general
weakening of the animal so it becomes more suddepi disease and/or predation.

When physiological processes are to be used asnaabker, the aim of the researcher
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has to be a development of methods that allow tasme a threshold below the
concentration where irreversible effects occur, aridch detect weakening of the

organisms at an early stage.

In the presented research four different methadse tbeen used to determine
effects of sublethal copper exposure on the metahobf the common carp. The
results obtained by these methods will be discusséte next four chapters. Here, the

different methods are briefly introduced.

2.2.1. Growth, food consumption, energy storesrarafleid acid content.

Protein is a major component of an organisms bodygs, and RNA is necessary
for the synthesis of protein. Consequently, a pa@sitrelationship between the
concentration of RNA and the rate of protein sysithéas been demonstrated in many
organisms. Typically, maximum RNA/DNA ratios occduring peaks of protein
production. Based on these observations, protéid, 81d DNA relationships have been
suggested as a promising biomarker of reduced gr@veath, 1995). The RNA/DNA
ratio has been shown useful to detect starvationedisas toxic effects (Buckley,1979;
Barron and Adelman, 1984; Cleveland et al, 1986).

The use of the RNA/DNA ratio is also strongly tethto the use of the AQ ratio
(see below, part 2.2.2.) as a bioindicator. As althg, growing organism has a high
protein synthesis rate and thus a high RNA/DNAoradin other consequence is a low
nitrogen excretion rate (a decrease in the rapeatéin catabolism and nitrogen retention
in favour of protein synthesis). Besides proteiNARand DNA also lipid and glycogen
are quantified to determine the endogenous engéoggssof the organism.

Together with the determination of these biochamicomponents, food
consumption and growth were evaluated over a 28 pdapd. Growth is a classic

biomarker, which obviously reflects the fithessaof organism, and it has been used in
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these studies as a standard to evaluate the ussfubif the other determinations as

biomarkers.

The results of these studies are discussed intathdp which is based on the
manuscript by De Boeck, G., Vlaeminck, A. and BlWt, 1996. Effects of sublethal
copper exposure on copper accumulation, growthy tmmsumption, energy stores and

nucleic acid content in common ca@omp. Biochem. Physipsubmitted.

2.2.2. Oxygen consumption and ammonia excreti@athmonia quotient (AQ)

Determination of the oxygen consumption and amma@icretion rates gives
information on two critical physiological process@$e use of the ratio between the
ammonia excreted and the oxygen consumed (AQ: toatkeole ratio) is based on two
principles: 1) the oxygen consumption is a meastitbe total amount of energy that has
been used, and 2) the excretion of nitrogen, ip eacreted mainly as ammonium, is a
measure for the amount of proteins that has beeth tasprovide this energy. The ratio
between these two processes should therefore emprése relative use of proteins
compared to lipids and carbohydrates. Strogano%g)l8ises the relationship between
oxygen consumption and ammonium excretion for itlsé ime as the ammonia quotient
(AQ). Later on, the O:N ratio in atomic equivalefias also been used, mostly on
invertebrates (Widdows, 1978; Carr, 1985; McKenaewl, 1991), but in fish, the AQ
remains the most commonly used ratio. In fish,estalycogen and especially lipids are
the preferred substrate, but when these are ddpiiete to exercise or stress, muscle
protein becomes the main energy source. The mathway for the production of
ammonia is through the transamination of variousiaracids. The primary site for this
ammonia production is the liver, but the necessagymes have also been allocated in

the kidneys, gills, and skeletal muscle.
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The results of these studies are discussed intah8p which is based on the
manuscripts by De Boeck, G., De Smet, H. and BRst1995. The effect of sublethal
levels of copper on oxygen consumption and ammexréaetion in the common carp,
Cyprinus carpio Aquat. Toxicol32: 127-146 and by Blust, R., G. De Boeck, R. Borger
and W. Decleir, 1993. Effects of changing environtak conditions on the energy
metabolism of aquatic organisms: Proceedings of the Global Change Symposium
Belgian Science Policy Office: 141-168.

2.2.3. Phosphorous compounds of the energy mesatoli

In vivo Phosphor Nuclear Magnetic Resonance SpectroséspiiMRS) allows
simultaneous and continuous measurement of thephbosus compounds involved in
the energy metabolism of a living organism. In fishe main phosphorous energy
reserve is phosphocreatine. When ATP gets deplpteasphocreatine is converted by
creatine kinase into creatine in order to restbee ATP content. During this process,
inorganic phosphate increases in the fish musale (d ATP breakdown), while the
phosphocreatine content slowly decreases. Using #eNMRS technique,
concentrations of inorganic phosphate),(lPhosphocreatine ¢ and ATP can be
monitored in time in a non invasive way and intliat& pH (pH) can be determined.
Although*P-NMRS has been used before in fish to examinetieegy metabolism in
fish muscle under normoxic, hypoxic and anoxic @omas (Van den Thillaret al,
1989, Van Waardet al, 1991), this promising technique has not yet hessd to study
the effects of pollutants on the energy metabobt$iish.

The results of these studies are discussed intah&pwhich is based on the
manuscript by De Boeck, G., Borger, R., Van dedem A. and Blust, R., 1996. Effects
of sublethal copper exposure on the energy metabadf common carp, measured by
¥P-NMRS.Environ. Toxicol. Chemsubmitted.
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2.2.4. Monoamine neurotransmitters

Monoaminergic neurons compose a very small fractb the neurons in the
vertebrate brain. In fact, monoaminergic neuronsber in the thousands whereas the
total quantity of neurons in the vertebrate braimbers in the hundreds of millions or
more. However, the influence of monoaminergic nesiron their target sites appears to
go far beyond their numbers (Winberg, 1993). In themmalian brain, where the
monoaminergic  systems have been extensively studiedonoaminergic
neurotransmitters are believed to be involved ia dontrol of several behavioural
patterns, notably aggression (Mason, 1984), mdhfeyerson and Malmnéas, 1978) and
feeding (Leibowitz, 1992). Monoaminergic system$iain have also been connected to
stress reactions (Dunn, 1989) as well as to thérateregulation of autonomic and
neuroendocrine functions (Tuomisto and Mannist@5)9Moreover, human diseases,
including schizophrenia, depression and Parkingbhesase, seem to be more or less
directly related to unbalance or malfunction ofitbrenonoaminergic systems (Mason,
1984). In comparison to the wealth of informatiathough sometimes inconclusive, on
brain monoaminergic functions in mammals, veryelits known about the function of
monoamine neurotransmitters in non-mammalian vieated. In fish, excellent work has
been done by Winberg (1993) who found relationsiigsveen the monoamine brain
neurotransmitters and social rank, aggression, iica#te, locomotor activity, and stress
in salmonids. In our research, the effects of cogpposure on the content and activity

of the catacholamine dopamine and the indoleanar@anin were assessed.

The results of these studies are discussed intaxh&jb which is based on the
manuscript by De Boeck, G., Nilsson G.E., Elofsddn,Vlaeminck, A. and Blust, R.,
1995. Brain monoamine levels and energy statusnmaon carpCyprinus carpig after

exposure to sublethal levels of coppeguat. Toxicol33: 265-277.
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CHAPTER |1I: EFFECTS OF SUBLETHAL COPPER EXPOSURE ON
COPPER ACCUMULATION, GROWTH, FOOD CONSUMPTION,
ENERGY STORES AND NUCLEIC ACID CONTENT IN COMMON
CARP

3.1. Summary

Juvenile common carp were exposed for 28 daysown different sublethal
copper concentrations (0.00 uM, 0.20 uM, 0.55 pM @80 uM). Food consumption
was monitored on a daily basis during the expopered while growth was assessed
weekly. Every week 8 fish from each group were ifiaed for determination of
copper accumulation, energy stores and nucleicamitents. Copper exposure to 0.80
1M affected both growth and feeding behaviour imomwn carp. At 0.55 uM, growth
was affected despite normal food consumption. Ewanthe lowest copper
concentration (0.20 uM), metabolic demand for tish fincreased, challenging the
carp with an increased demand for food. Copperraattion mainly occurred in the
liver, reaching an equilibrium between uptake amdretion after one month of
exposure. Substantial biochemical changes werenaa$et the two highest copper
exposure concentrations and are discussed. Thelatown between growth rate and

RNA/DNA ratio was poor considering the substantiffierences in growth rate.

" Based on the manuscript by De Boeck, G., Vlaemirickand Blust, R., 1996. Effects of
sublethal copper exposure on copper accumulatiomitly, food consumption, energy stores and
nucleic acid content in common ca@omp. Biochem. Physipsubmitted.
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3.2. Introduction

Growth of an organism is generally used as a seasind reliable endpoint in
chronic toxicological investigations. Sublethal éé&ss of a wide variety of toxicants
have been found to slow the growth of fish larvagueeniles (see Woltering, 1984 for
review). This can be due to a reduced food inthkéalso due to increased metabolic
expenditure for detoxification and maintenance bé tnormal body functions.
Sublethal copper exposure has proven to reduceethappetite as growth in different
fish species (Benoit, 1975; Drummoetial, 1973; Buckleyet al, 1982; Lettet al,
1976; McKim and Benoit, 1971; Mount, 1968). Evercapper concentrations where
food consumption is not affected, copper expossitanown to slow growth (Collvin,
1985).

Before changes in growth occur, changes in bioatedncomposition should
become apparent. The use of energy stores (glycdgBnmight be initiated, and
protein synthesis might decrease. Protein is a mm@mponent of an organisms body
mass, and RNA is necessary for the synthesis dkeiproConsequently, a positive
relationship between the concentration of RNA dr&draite of protein synthesis has been
suggested. Since cells contain a fixed amount cADXNe DNA content in the tissues is
used as a reference to calculate a RNA/DNA ratypicilly, maximum RNA/DNA
ratios should occur during peaks of protein praductBased on these observations,
protein, RNA and DNA relationships have been ingplas a promising biomarker of
reduced growth (Heath, 1995; Jobling, 1994). TheARNA ratio has been shown
useful in some cases to detect starvation as wehac effects (Buckley, 1979; Barron
and Adelman, 1984; Clevelard al, 1986; Haines, 1973). Other studies do not confirm
the RNA/DNA ratio as being a such a sensitive iaftdic of growth (Jursst al, 1987,
McKeeet al, 1989; Pinknegt al, 1990).

The aim of the present study was to evaluate ffexts of three sublethal
copper concentrations on growth and feeding of comparp,Cyprinus carpig and to

compare these effects with some changes in biodamomposition of muscle and
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liver tissue. Also copper accumulation in brain,seia and liver tissues was followed.
Determination of the biochemical composition indddmeasurement of the energy
stores of glycogen and fat, as well as determinatiothe levels of protein and nucleic

acids (RNA and DNA) in white muscle and liver tissu

3.3. Materialsand methods

3.3.1. Animal holding and copper exposure

Juvenile (1 month old) common cafyprinus carpiowere obtained from the
fish hatchery at the Agricultural University of Waxgngen, The Netherlands. They
were grown at the University of Antwerp at the ol temperature of 25 °C (Elliott,
1981) in softened Antwerp city tap water (0.875 @, 0.145 mM Mg, pH 7.0-8.0).
Water was filtered with a trickling filter and watgquality was checked weekly for
ammonia, nitrite and nitrate with Visicolor Test&{Macherey-Nagel, Duren).

Two weeks before starting the experiments, carpighueg 182 g
(meangS.D.) were transferred into 150 | aquaria filledhwstandard moderately hard
fresh water (FW) according to Standard Methods (Acae Public Health
Association, 1989: 0.348 mM Cag2H,O; 0.5 mM MgSQ .2H,O; 1.143 mM
NaHCG;; 0.054 mM KCI; pH 7.8-8.0). The FW was well aedduring at least 24
hour before use. The photoperiod was set at 14 lghi;, 10 hour dark period and
temperature remained at 20 °C. Carp were fed omleg/ awith ‘Pond Sticks’
(Tetrapond, Henckel). After 15 min, the remainingd was removed, dried overnight
at 60°C and weighed to calculate mean food consompiVater quality was checked
daily for pH, ammonia, nitrite and nitrate and 500%the water was renewed twice a
week.

Copper exposure was started by adding 250, 1262d5 pg copper FW.
Copper was added by means of copper nitrate solu@u(NQ),.2H,0 1 g.I)
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(Merck, Darmstadt). Water was well aerated and chiokering at least 24 hour. In the
aquaria, water was filtered with Eheim filter, didl with Rivalon synthetic filter cotton
wool. Twice a week 75 % of the water was reneweith \siandard water containing
copper. Five times a week the exact amount of aoppeels in the aquaria was
determined using an atomic absorption spectrophetemand nominal copper levels
were 0.8&0.38 pM, 0.5%0.15pM and 0.260.08 pM respectively. When
extrapolating the results of a study by Peres ahdnP(1991) while considering the
hardness of the water used in this study (85 Tasl CaCG), a 48h-LC50 value for
common carp of 3.41 uM can be calculated. Maeelal (1991) found a 100%
survival for carp with a mean weight of 19 g at pepconcentrations up to 1.57 uM
during a 10 day exposure period and 90% surviva ebpper concentration of 7.87
MM under the same circumstances. Therefore, thperogncentrations used in this

study are considered as sublethal concentrations.

3.3.2. Sampling of tissue

Liver, white muscle and brain tissue were samplefbre, after one week, two
weeks, three weeks and four weeks of exposuregdperdor all groups. At the day the
tissues were sampled, fish were not fed in thenmmgr because sampling started at
their normal feeding time. Each fish was quicklyaesthetised with ethyl 3-
aminobenzoate, methanesulfonic acid salt (MS222ighed and decapitated. The
liver and white muscle tissues were dissected favchHemical and copper
determinations, brain tissue was dissected intoeethiparts (telencephalon,
hypothalamus and brain stem) for copper deternunafiissues were frozen in liquid
nitrogen within 5 min of decapitation and storedan eppendorf tube at -80 °C.
Remaining fish were weighed and fed after sampleeiaken. Weighing of the fish
was performed by transferring them in a small coetafilled with water on the

balance. Mean weight obtained in this way wastB% (meansS.D.) higher than
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when fish were dried carefully before weighing atedation but the wet method was

preferred for the lower impact it had on the fish.

3.3.3. Isolation and determination of biomolecules

The procedure for isolation has been describebdltigee and Knowles (1986).
After being weighed the frozen liver and white massamples were homogenised in
the eppendorf tube at 0 °C with ice cold 0.2 M pe&rac acid (PCA) (200 ul 1 M
PCA + 800 pl HO) using an Ultra-Turrax T8.01 homogeniser. The bgemised
samples were kept on ice throughout subsequeraatixin steps because nucleic acids
are susceptible to enzymatic and heat degradatitutchinson et. al.,1962). A 50 pl
aliquot was taken from the tube for protein deteation. The remaining homogenate
was centrifuged for 10 min at 10.000g and 4 °C {&loRC-5). After centrifugation a
200 ul aliquot was taken from the supernatant aegt kat -80 °C until further
determination for glycogen. The rest of the supamawas discarded and the pellet
was rinsed twice with 0.2 M PCA and centrifugecheTpellet was resuspended in 0.3
M NaOH and incubated for 1 hour at 37 °C to hydselyhe RNA. After hydrolysation
the sample pH was adjusted (pH 4.0) by adding 10P®A. The sample was
centrifuged (10 min, 10.000 g, 4°C) and 900 plesoptant was transferred into a
small tube and kept at 0 °C (first RNA fractionhelpellet was rinsed twice with 0.2
M PCA and centrifuged, yielding the second anddtiNA fraction. The pellet was
treated with ethanol-ether 3:1 (v/v) at -80 °C owmgint, to extract lipid material. The
sample was centrifuged, supernatant discardedetpefised with ethanol-ether 3:1
(v/v), centrifuged, and again supernatant was diszh The pellet was resuspended in
5 mM NaOH - 1 M PCA 1:1 (v/v) and kept at -80 °Gilidetermination of DNA.

3.3.4. Protein determination
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The 50 ul aliquot for the determination of proteias diluted with 950 pl 0.01
M NaOH and incubated for 24 hour at 37 °C in orehydrolyse the sample. The
next day the protein samples were analysed forepratontent by the method of
Bradford (Bradford, 1976). Protein content was difia&x by VIS spectrophotometry
at a wavelength of 595 nm. Bovine serum albumimy&eHeidelberg) was used as a
standard (Lowryet al, 1951). The calibration curve was non-linear ovke

concentration range of the samples (rectangulaertgba).

3.3.5. Glycogen determination

The supernatant (200 pl) which was stored at -80was used for the
determination of glycogen. Liver samples were @ditutip to 8x with 0.2 M PCA and
an aliquot of 200 ul was taken. White muscle samplere used as such. Stock
solution was prepared by dissolving glycogen (Memarmstadt) in 0.2 M PCA.
Anthrone reagent (0.5 g anthrone in 72 456, containing thiourea 304"} (Roe et.
al., 1966) was added to the aliquots and the dilateck solutions, then incubated for
30 min at 100 °C. The reaction was stopped by ngal an ice bath. The glycogen
concentrations were quantified by VIS spectroph@toynat a wavelength of 620 nm.

The calibration curve was linear over the conceioinarange of the samples.

3.3.6. RNA determination

The pooled white muscle RNA fractions were usedwsh, the pooled liver
RNA fractions were diluted up to 4x and then usedsach. The samples were
transferred into a quartz cuvette. RNA was quadifiby UV absorption
spectrophotometry at a wavelength of 260 nm. Qadfr IRNA (Sigma Chemicals, St-
Louis) was used as a standard (Dagg and Littlede@#?). The calibration curve was

linear over the concentration range of the samples.
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3.3.7. DNA determination

The defrosted DNA samples were analysed as deschily Vytasek (1982).
Stock solutions of DNA were prepared by dissolvicejf thymus DNA (Sigma
Chemicals, St-Louis) in 5 mM NaOH. Reagent 1 cdadi®f 10 mM NaCO; in1 M
NaOH. Reagent 2 was a freshly prepared 20 % salutfo3.5-diaminobenzoic acid
(DABA.2HCI). The samples and the diluted stock sohs were incubated at 90 °C
for 30 min. At the same time reagent 1 and 2 wareditogether 3:1 (v/v) (reagent 3)
and let to react for exactly 60 min at room tempera After 30 min the DNA stock
solutions and the samples were removed from thebetor and were kept at room
temperature for the next 30 min. After exactly Liha00 pul of reagent 3 was added to
all samples and stock solutions. The fluorescenelelipg reaction was initiated by
incubating the samples and the stock solutions7d@C3for 1 hour. The reaction was
stopped by cooling in an ice bath. The samples wenérifuged and aliquots of 350 pl
were taken. The stock solutions and the aliquotewéduted with 2.5 ml 1 M HCI.
The fluorescence was measured on a fluorescencérgpleotometer at an emission
wavelength of 520 nm. The calibration curve wasdinover the concentration range

of the samples.

3.3.8. Lipid determination

Lipid content of liver and white muscle was deter@a gravimeticaly using a
Soxtec System. In order to obtain a sufficient amoof tissue for the extraction
procedure, samples from each exposure group weskeg@er day. First, samples
were submitted to a acid hydrolysis in order to @ktipids into extractable forms by
boiling them for one hour in 4 M HCI in a Soxtecs8&m 1047 Hydrolysation Unit.
Thereupon samples were dried for 3 h at 100°C. Thpid extraction was
accomplished with petroleum ether using the SoStgstem 1043 Extraction Unit (30

min boiling time, 45 min rinsing time).
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3.3.9. Statistics

All values are given as meatisS.D. Statistics were performed with GraphPad
InStat, using one way analysis of variance (ANO\@ljowed by the Tukey-Kramer
multiple comparisons test if significant differescavere found. If conditions for
ANOVA were not fulfilled, The Kruskal-Walis and Duois test were used. For
statistical analysis of food consumption, two-wayalgsis of variance was used,

followed by a Tukey HSD comparisons test.

3.4. Results

3.4.1. Food consumption and growth

From the first day of copper exposure on, changdead consumption could be seen
(Figure 3.1.). Fish exposed to the highest coppercentration (0.80 uM) became
apathic and slow and consumed significantly lessl f°<0.001) during the first two
weeks of the exposure period. The effect was ndkirg) during the first week, when
food consumption dropped to 36% of control valdesod consumption then slowly
recovered to control values: 46% of control valuksing the second week of
exposure, 73% during the third week (P<0.01) and%d(0during the last week
(P<0.001). Food consumption in the lowest expoguoeip (0.20 uM) appeared to be
stimulated, and was significantly higher compar@dobd consumption in the control
group (P<0.01 during the first week, P<0.05 duting second week). No changes in

food consumption were seen in the group expos@db LM of copper.
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Figure 3.1. Food consumption as % of control in owon carp during copper exposure to
different copper concentrations. Each bar repres¢hé mean value S.D. of 4-6
samples of food consumed on the days of the pregedeek by the different
exposure groups. Significant differences companezbntrol value from the same
week are indicated with * (*: P<0.05; **: P<0.01; *: P<0.001), significant
differences compared to the first week from theesaopper concentration are
indicated with o (oo: P<0.01; ooo: P<0.001).

Whereas food consumption in the lowest exposureumrwas elevated
compared to the control group, growth remained veirpilar during the entire
exposure period (Figure 3.2.). In the group expdse®l55 uM of copper, growth was
reduced, and fish even lost weight during the finste weeks of exposure despite the
normal food intake. In the highest exposure growpjght loss of the fish was
considerable, certainly during the first week ofpesure. This effect slowly
diminishes, and in the fourth week of exposure fighre again gaining weight,
although less than the fish in the control group.
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Figure 3.2. Mean growth in g/week of common carposred to different copper
concentrations. Each bar represents mean vali&D. from fish remaining at

that time (n=32 at day 7, n=24 at day 14, n=16 ay®1, n=8 at day 28).

3.4.2. Copper accumulation in different tissues

Copper accumulation was followed during the 28 eagosure period in three
different brain parts and in muscle and liver tesg¢liable 3.1.). The most pronounced
copper accumulation was found in the liver. Aftaeaveek of exposure to 0.80 uM of
copper, the level of accumulated copper had inecdéom 20 ug per gram of wet
liver tissue to 39 pg (P<0.001). This increase iooed, and after 28 days of copper

exposure, the copper level in liver tissue had arged to 65 pg per gram wet tissue
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Table 3.1. Copper accumulation in brain, muscle awer tissues of common carp exposed to 0.00,00.055 and 0.80 uM of copper. Values are
means# S.D. from eight fish, significant differences wei@icated when accumulation of the copper wasiaggmtly higher than controls
of the same day (*: p< 0.05, **: p<0.01, ***: p<0@1).

Copper in Copper concentrations in differentugess(1g/g)
water Day O Day 7 Day 14 Day 21 Day 28
TELENCEPHALON 0.00uM 1.11+0.12 1.240.26 1.180.14 1.240.20 1.1@0.20
0.20 uM 1.12+0.13 1.330.23 1.320.27 1.130.11 1.0€0.16
0.55 uM 1.24+0.28 1.320.12 1.390.28 1.190.16 1.180.15
0.80 uM 1.29+0.16 1.140.27 1.440.24 1.3@0.22 1.120.16
HYPOTHALAMUS 0.00uM 2.1140.31 1.840.23 1.850.24 1.6@0.25 1.640.31
0.20 uM 1.89+0.11 1.880.19 1.980.29 1.580.31 1.640.09
0.55 uM 1.85+0.20 1.960.23 1.790.36 1.7@0.31 1.6%0.27
0.80 uM 1.94+0.25 2.120.18 1.960.38 1.760.30 1.740.44
BRAIN STEM 0.00pM 1.73:0.33 1.630.24 1.7@0.14 1.620.15 1.8@0.10
0.20 uM 1.76:0.14 1.7%0.18 1.740.14 1.6@0.10 1.8&0.16
0.55 uM 1.68t0.15 1.7%0.12 1.8a@0.13 1.8@0.21 1.7%0.12
0.80 uM 1.60:0.04 1.8@0.03 1.890.11 * 1.920.08 *** 1.89+0.10
MUSCLE 0.00pM 0.44+0.14 0.480.11 0.4@0.19 0.420.06 0.460.15
0.20 uM 0.33t0.07 0.320.10 0.440.08 0.4%0.05 0.460.07
0.55 uM 0.35t0.06 0.420.08 0.4%0.04 0.3&0.08 0.490.10
0.80 uM 0.39+0.06 0.3&0.10 0.4%0.06 0.320.06 0.3&0.06
LIVER 0.00pM 19.9%4.78 18.945.38 21.936.76 25.044.96 19.183.94
0.20 uM 20.46:4.10 25.426.65 29.298.68 29.295.58 25.6%4.76
0.55 uM 19.03t4.76 24.06:3.99 37.6611.25 ** 45.0%13.46 ***  50.26t10.08 ***
0.80 uM 19.66t2.95 38.8%8.05 *** 51.92+8.83 *** 62.66t7.21 *** 65.16:11.94 ***
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(P<0.001). At a copper concentration of 0.55 pMigmificant copper accumulation in
the liver appeared after two weeks of exposurepepfevels increased from 19 ug per
gram of wet tissue to 38 ug (P<0.01). The accunwratontinued, and after four
weeks of continuous exposure to 0.55 uM of coppeels had increased to 50 pg per
gram of wet liver tissue.

No significant copper accumulation occurred in obeistissue, and also in
telencephalon or hypothalamus a significant riseapper levels was absent. In brain
stem, a significant rise in copper concentratiors waserved at the highest copper
exposure concentration after two (P<0.05) and tkirRe®.001) weeks only, not after

four weeks of exposure.

3.4.3. Effect of copper on protein content

Protein content of white muscle remained stablkinduthe first three weeks of
exposure (Figure 3.3.), but after four weeks of pgypexposure, protein content
dropped in the exposure group of 0.55 uM (P<0.@5)veall as in the exposure group
of 0.80 uM (P<0.001). In liver tissue, a drop irotein levels only occurred at the
highest exposure concentration were levels weraifgigntly reduced after two
(P<0.01) and three (P<0.05) weeks of copper expodiiter four weeks of copper

exposure, liver protein levels had returned to amad level.

3.4.4. Effect of copper on glycogen content

In muscle tissue, copper exposure had a pronoueftedt on glycogen levels
(Figure 3.4.). At all three exposure copper conedians glycogen levels started to
drop after the first week of exposure, the decremseg significant after two weeks of

exposure at the highest copper concentration (Rx@utd after three weeks of
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Figure 3.3. Protein content of muscle and livestis from copper exposed carp.
Values are means S.D. (n=8), significant differences compared tatcol value
at the same day are indicated (*: P<0.05; **: P<@.0***: P<0.001).
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Figure 3.4. Glycogen content of muscle and livesue from copper exposed carp. Values

are meanst S.D. (n=8), significant differences compared tatcol value at the
same day are indicated (*: P<0.05; **: P<0.01; ***P<0.001).
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Figure 3.5. Lipid content of muscle and liver tissiom copper exposed carp. Values are

means from pooled samples of eight fish for eapbsxe group.
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exposure at exposure copper concentrations of Q85 (P<0.05) and 0.80 uM
(P<0.001). During the fourth week of exposure, ghen levels in muscle tissue
returned to normal.

In the liver, on the contrary, glycogen concembreg tended to rise after two
weeks of exposure, the effect being significanthat highest copper concentration
after two weeks (P<0.001), three weeks (P<0.05) tmd weeks of exposure
(P<0.001).

3.4.5. Effect of copper on lipid content

In both in white muscle tissue and in liver tisqiggure 3.5.), lipid content
remained rather stable. In the liver, lipid levedmain roughly between 1.5 and 2% of
the wet tissue weight, whereas in white muscleléevary between 0.4 and 1% except
at the highest copper concentration where lipi@éleappear to be elevated during the

second half of the exposure time.

3.4.6. Effect of copper on nucleic acid content

Both in white muscle and in liver tissue (Figuré.3 RNA levels were stable
during the entire exposure period. DNA levels (Fgg@.7.) differed only in white
muscle after four weeks of copper exposure. DNAlewere significantly increased
at all three copper exposure concentrations (P<@t@520 uM, P<0.001 at 0.55 and
0.80 uM). Therefore, RNA/DNA ratios were quite $¢abnd no good correlation was
obtained between growth rate and RNA/DNA ratioheitin muscle (not significant)
or liver tissue (P<0.05) (Figure 3.8.). Also prat&®NA or protein/RNA/DNA ratios

failed to give a significant indication of growtates (results not shown).
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Figure 3.6. RNA content of muscle and liver tisoen copper exposed carp. Values are

meansz S.D. (n=8), no significant differences were found.
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Figure 3.7. DNA content of muscle and liver tiséteen copper exposed carp. Values are
means# S.D. (n=8), significant differences compared tatcol value at the same
day are indicated (*: P<0.05; **: P<0.01; ***: P<0001).
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Figure 3.8. RNA/DNA ratios of muscle and liver usscompared to % growth per day
measured for the week preceding the sampling @i¢s Values are from all carp

used in this study.
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3.5. Discussion

One of the first marked changes exposing commap t@ sublethal copper
concentrations was the immediate reduction of fegdh fish exposed to 0.80 uM of
copper, whereafter the feeding rate slowly recaveoecontrol levels during the next
weeks of exposure. Consequently, also growth wdsced in this high exposure
group, and carp lost weight during the first thveseks of exposure. Loss of appetite
and reduced growth rate followed by recovery tesatpproaching control levels have
also been seen in salmonid fishes exposed to cdpptret al, 1976 (rainbow trout);
Drummondet al, 1973 (brown trout); Bucklegt al, 1982 (coho salmon)). Whereas
feeding levels of the carp exposed to 0.55 uM @ipes remained unchanged, growth
did not. The fish in this exposure group lost weidhring the first three weeks of
copper exposure, whereafter they slowly starteahiggi weight again. Despite the
increased food consumption of the lowest exposuoeipy (0.20 uM of copper), no
increase in growth rate was observed here eithieus,Tit appears that the copper
exposed carp spent more energy to sustain themalometabolism, leaving less
energy available for growth. This effect has als®rb observed in copper exposed
perch (Collvin, 1985), and coho salmon (Bucklety al, 1982). Presumably, the
increase in metabolic rate may have been assoaiatkedissue repair, development of
defence systems and with copper excreting mechanism

Tissue damage may also be, at least partiallysecatithe reduced appetite seen
in copper exposed fish. Low-level copper exposumerainbow trout revealed
degeneration of the olfactory system of the fishli@rd et al, 1993) and responses to
a stimulus (L-alanine) on the olfactory receptofsattantic salmon appeared to be
disturbed under copper exposure (Winbetr@l, 1992; Bjerseliugt al, 1993). In the
study by Julliardet al (1993) signs of neural regeneration were repodi@ihg the
time course of the exposure, indicating some fofraazlimation, which agrees with
the recovery of feeding rate seen. Other neurahamsms may also be involved in

copper induced loss of appetite: copper exposure Ibeen noted to reduce
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acetylcholinesterase activity in carp, the consaegjirerease in acetylcholine contents
in nerve endings may disrupt synaptic transmissimetsveen neurones (Nemcsek
al., 1984; Nemcsok and Hughes, 1988). Also indicatibor the involvement of
monoamine neurotransmitters exist (De Boet&l, 1995a: see chapter VI).

Copper accumulation at the two highest copper eatnations (0.55 and 0.80
M) clearly occurred mainly in liver tissue. Thigrmborates the view that this organ
is the major storage and regulatory organ in coppeneostasis. After induction by an
environmental metal exposure, major concentrataingetallothionein can be found
in the liver (Roesijadi, 1992). Induction of metdaliioneins in these organs leads to
metal accumulation in the cells, but the specifinding to the metallothionein
molecules keep the free concentrations of metakmaély low, which protects cellular
proteins from metal induced damages. From the festk of exposure to the highest
copper concentration on, copper concentrationféntissue were doubled, and after
the third week, copper concentration in the tisstere almost tripled. Then, the
accumulation rate appeared to slow down and coppesls after four weeks of
exposure are comparable to those after three weklexposure. Also in brown
bullhead, equilibrium concentrations of copper he tiver were reached in 30 days
and no great difference was apparent between tlegets after 30 days or 20 months
at copper exposure concentrations of 0.77 to 1M0(Brungset al, 1973). In coho
salmon, this equilibrium was coincident with recoven growth rate (Bucklet al,
1982), a fact confirmed by our results.

Copper accumulation in white muscle tissue hasss®n in common carp
exposed to copper (Nemcsékal, 1987; Marelet al, 1991), usually at higher copper
exposure concentrations than the ones used hé&@ {®.626 yuM). The fact that no
rise in white muscle copper levels has been seee agrees with the view that
accumulation in muscle becomes only important wiienmaximum storage capacity
of the liver is reached (Laurén and McDonald, 198he blood brain barrier seems to

protect the brain rather well from copper toxicity rise in copper levels was seen in
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telencephalon or hypothalamus, and in brain stely atemporary increase in copper
level was noted.

One of the first responses to a stressor sucl@sec exposure is the release of
so called stress hormones adrenaline, noradrenafidecortisol (Wendelaar Bonga,
1993). The release of these catecholamines andsalottiggers a broad suite of
biochemical and physiological changes known cdllety as secondary stress
responses. The metabolic effects may include hyyps¥mia, hyperlacticaemia,
depletion of glycogen tissue reserves, lipolysig amhibition of protein synthesis.
There may also be increased catabolism of musaé&ipy and alterations in the
plasma levels of amino acids, free fatty acids ahdlesterol (Jobling, 1994). The
cessation of feeding, accompanied by the catalefiects of the catecholamines and
corticosteroids on the energy reserves storedarduly tissues, must result in reduced
growth in stressed fish.

The changes seen in muscle tissue agree well tghgeneral picture of
secondary stress responses. The muscle glycogemn istalepleted during the first
three weeks of copper exposure. During the fourtleknof exposure, when glycogen
levels in the white muscle recover, a significaetr@ase in protein levels appears at
the two highest copper concentrations. This protestabolism is not unusual.
Whereas catecholamines are thought to cause tha illevation in plasma glucose
levels by mobilising the glycogen reserves (glycumgsis), the corticosteroids may
contribute to the maintenance of hyperglycemiathé@astimulation of gluconeogenesis
from amino acids and thus stimulate protein catabol In addition to maintaining
hyperglycemia, this increase in synthesis of glachem amino acids could, in the
longer term, also result in the restoration of glyen levels (Jobling, 1994), as was
seen here for muscle tissue. Concerning this gkmgenesis, even protein deficiency
(necessitating amino acid conservation) does nppress gluconeogenesis since
starving fish can exhibit quite high rates of glneogenesis (Cowey and Sargent,
1979). The fact that protein levels decrease duhegfourth week of exposure to the

two highest copper concentrations does not have tim contradiction to the fact that
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growth rate recovered at this moment. Although girotontent per gram of tissue
decreased, total protein content of the organismghtnhave increased. The rise in
DNA in muscle tissue at this moment indicates tha¢duction of cell size appeared,
probably due to cell division considering the regai capacity for growth.

In the liver however, a completely different pattecan be seen. After an
insignificant decrease in glycogen content durimg first week, glycogen levels start
to rise at the highest copper exposure concentrafdme possible explanation for this
event is that carp exposed to the highest copp®ertdration were experiencing some
form of hypoxia. If a fish is kept in oxygen-degait water for an extended period of
time it will become more hypoxia tolerant. This iraped tolerance is attributable to
several changes that occur during long-term exgotumon-lethal hypoxia. Besides
an improved efficiency with which the fish can extr oxygen from the water, there
may also be an increase in the tissue glycogemveessand an elevation in the levels
of several enzymes in the liver, leading to a highkiconeogenic and anaerobic
capacity following acclimation to hypoxia (Jobling994). Carp in this highest
exposure group could very well experience hypoxiaes copper has been shown to
disrupt gill epithelia in carp and in salmonids (Bdeczkyet al, 1986; Mareket al,
1991, Kirk and Lewis, 1993, Wilson and Taylor, 1R9&ollapse and fusion of
lamellae, lifting of lamellar epithelium away fromillar cells and swelling of the
epithelial cells has been observed. In additionthis ultrastructural damage, an
increase in the secretion of mucus and concomstaatling of the mucus layer around
the gill increases the diffusion distance for oxyg®/hereas structural gill damage
repairs gradually, swelling of the epithelial cedisd thickening of the mucus layer
remains for a more extended period. Other expeiisngimowed an impaired oxygen
consumption in common carp exposed to similar coppacentrations (De Boeak
al., 1995b: see chapter IV) and increased lactateldewere seen indicating an
increase in anaerobic metabolism (De Boetkl, 1995a: see chapter VI). Increased
liver glycogen levels are therefor suggested toabe&onsequence of a defence

mechanism against this hypoxic condition.
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Protein levels are slightly reduced in the livieathe second and third week of
exposure to 0.80 uM. Possibly, this muscle catabolvas caused by the need for
gluconeogenesis. Lipid stores in muscle as livesui do not appear to be a used
extensively under these circumstances. Also ketal (1976) found no changes in
lipid content of rainbow trout during a 40 day egpe period to copper, although
growth rates were also initially depressed and vexmd subsequently. The rise in
DNA in muscle tissue indicates that a reductiorcelf size appeared during the last
week of copper exposure. Since growth rates alsovezed during this last week,
active cell division could be the cause of this pagtness of cells.

In our study, a poor correlation was found betwgmwth rate and RNA/DNA
ratios and no correlation was found between growettd protein/RNA or
protein/RNA/DNA ratios. Other studies have not beale to establish these
relationship either. In rainbow trout liver, Jietsal, 1987 found no relation between
the RNA/DNA quotient and growth. Also Satomi anchdka (1973) found that there
is no close correlation between the RNA/DNA qudtiand the growth of rainbow
trout. Protein synthesis is probably controlledtdasand more comprehensively by
translation than by the amount of RNA (Juetsal, 1987), and levels of ribosomal
RNA could mask changes in messenger RNA. Accordn¢gnowles and McKee,
(1989) it is important to measure the nucleic aaidsr immediately preceding periods
of rapid growth to allow maximum resolution of toant effects on RNA ratios but
they also acknowledge that from a practical pofntiew, this is virtually impossible.

In conclusion, we can say that copper exposurd®.8) pM immediately
affected as well growth as feeding behaviour in wmm carp, whereafter feeding and
growth rates slowly recovered. At 0.55 uM, grovdlaifected despite the normal food
consumption. Even at the lowest copper concentrgdfic20 puM), metabolic demand
for the fish is increased challenging the carp wath increased demand for food.
Copper accumulation mainly occurred in the liveraahing an equilibrium between
uptake and excretion after one month of exposuubstantial biochemical changes

were observed at the two highest copper exposureettrations, but no good
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correlation was found between growth rate and RNMratio. Therefor the use of

the RNA/DNA ratio as a sensitive biomarker is gisestble.
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CHAPTER IV: THE EFFECT OF SUBLETHAL LEVELS OF COPPER
ON OXYGEN CONSUMPTION AND AMMONIA EXCRETION IN THE
COMMON CARP, CYPRINUS CARPIO'

4.1. Summary

Common carpQyprinus carpiy of 15-30g body weight were exposed to copper
levels of 0.22+0.07, 0.34+0.12 and 0.84+0.8BwolI". Oxygen consumption and
nitrogen excretion were determined repeatedly forta two weeks of exposure to
copper. Critical oxygen concentrations for oxygensumption as well as for ammonia
excretion were determined after one week of exgosuicopper. Oxygen consumption
dropped significantly immediately after exposureOt84 and 0.84imol.I* of copper
whereas nitrogen excretion remained stable. After week of continuous exposure to
0.34pmol.I"* of copper the oxygen consumption showed an appegeovery, while the
ammonia quotient (AQ = mole to mole ratio of amnaoexcreted to oxygen consumed)
did not. At a copper concentration of 0.ftol.I', no recovery was observed. The
critical oxygen concentration for oxygen consumpsaifted from 45umol.I* (1.4 mg.]

) in copper-free water to 128émol. I* (3.9 mg.I") at a copper concentration of 0.34
pumol.I. At 0.84 umol.I", regulation of oxygen consumption was lost. Alsarm@onia
excretion showed a decline at lower oxygen conagatrs and a critical oxygen
concentration for ammonia excretion was determifed.the nitrogen excretion, loss of
regulation already occurred at copper concentratinn0.34pmol.I*. For the AQ, no

critical oxygen concentration was found.

" Based on the manuscripts by De Boeck, G., De Srheind Blust, R., 1995. The effect of
sublethal levels of copper on oxygen consumpti@hanmonia excretion in the common carp,
Cyprinus carpio Aquat. Toxicol32: 127-146 and by Blust, R., G. De Boeck, R. Boayatt W.
Decleir, 1993. Effects of changing environmentahditons on the energy metabolism of
aguatic organisms. Proceedings of the Global Ch&weposium, Belgian Science Policy
Office: 141-168.
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The results obtained in this study suggest thatsomements of oxygen
consumption in combination with measurements afogén excretion can be useful
indicators of stress. Furthermore it is shown #hatritical oxygen concentrations for
ammonia exists in carp and that the critical oxyg®mncentration for oxygen

consumption and for ammonia excretion are affelojeelixposure to copper.

4.2. Introduction

To assess the effects of a toxic compound on aati@gorganism, responses to
sublethal levels of this compound should be stucagiter than performing acute toxicity
tests. Sublethal concentrations of toxic compoundsy cause biochemical,
physiological, morphological and genetic changéfgcting e.g. development, growth
and reproduction. Before changes in viability o¢cdus likely that changes in the energy
status of the organism appear.

In fish, the relative use of protein, lipid andlm@zhydrate as energy source can be
influenced by both internal and external factors.ndost of the nitrogenous end products
of freshwater fish originate from protein catalboljsvith ammonia as the principal end
product, the contribution of protein catabolisnthe total energy production of the fish
can be assessed by determination of the ammontequ@AQ = mole to mole ratio of
ammonia excreted to oxygen consumed) (Brett ana, Z28I75; Kutty, 1972, 1978; Kutty
and Peer Mohamed, 1975; Van Waarde, 1983).

The metabolic response to changes in oxygen éudilanay vary, depending on
the physiological state of the animal, level of\atst and temperature (Grieshakbedral,
1988; Burggren and Roberts, 1991). As most fislp eae oxygen regulators meaning
that they maintain their oxygen consumption at astant level along a gradient of
environmental oxygen concentrations, until a a@ltioxygen concentration {Cis
reached, below which oxygen consumption beginaltoUnder conditions of stress, this

C. is likely to increase, reflecting the decreasepgacdy of the fish to cope with
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environmental perturbations. For carp and troutshét in G to higher oxygen
concentration has been observed when exposed toHo{Wltschet al, 1980).

To evaluate the use of oxygen consumption, ammexaeetion, AQ and the&s
measures for stress in fish, common c&ppfinus carpiyp were exposed to different
sublethal levels of copper. Exposure to coppereasmasnumber of effects in fish and
lethal copper concentrations for carp can vary déipg on fish size and water
composition (Sorensen, 1991). Alam and MaughanZ188und 96 hour LC50 values
varying from 4.7 to 15.@mol.I"* depending on fish size whereas Peres and Pihai)(19
found 48 hour LC50 values for carp juveniles (35-) between 1.9 and 11u8nol.I*
depending on water hardness. Based upon thesesyaloee sublethal copper
concentrations were chosen and acute effects (firsinto tenth hour of exposure) as
well as effects on a longer term (one to two weeks)oxygen consumption and

ammonia excretion were studied.

4.3. Materials and methods

Juvenile (1 month) common cai@yprinus carpip were obtained from the fish
hatchery at the Agricultural University of Wageremg The Netherlands. They were
grown at the University of Antwerp at the optimahiperature of 25°C (Guderley &
Blier, 1988) in softened Antwerp city tap water (@875 mmol:f, Mg 0.145 mmolt,
pH 7.0£0.5). Water was filtered with a tricklindtéir and water quality was checked
weekly with Visicolor Test Kits (Macherey-Nagel, @) for ammonia, nitrite and
nitrate. 50% of the water was renewed when levateerled 0.1 mg'] 1.0 mg.! and 20
mg.I"* respectively. Two weeks before starting the expenits, carp weighing between
15 and 30 g were transferred into 50 | aquariedilvith standard moderately hard water
according to Standard Methods (American Public tHeahssociation, 1989:
CaSQ.2H,0: 0.348 mmolf; MgSQ,.2H,0: 0.500 mmolf; NaHCQ;: 1.143 mmolf;
KCI: 0.054 mmol1; pH: 7.8-8.0). The standard water was well aerdtethg at least 24

hours before use. During the first week the tentpesain the aquaria was gradually
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adjusted to 20°C (x1°C) and the photoperiod wasaset 14 hour light, 10 hour dark
period. Carp were fed to satiation once a day WAtnd Sticks' (Tetrapond, Henckel),
and excess food was removed 15 minutes after fgedlifater was filtered with an
Eheim filter filled with activated charcoal (Calg@arbon) and Rivalon synthetic filter
wadding. Water quality was checked daily for amrapnitrite and nitrate and 50% of
the water was replaced twice a week.

For exposure of the carp to the stressor, 250,dt262.5 mg copper per liter
standard water was added as a copper nitrate sthrstdution (Merck, 1 g1
Cu(NGOy),.2H,0). The water was again aerated and mixed foraat [24 hours before
use. In the aquaria the water was filtered withEdreim filter filled with Rivalon
synthetic filter wadding and 75% of the water waglaiced with new copper containing
standard water twice a week. This resulted in cogpacentrations in the aquaria of
0.84+0.35, 0.34+0.12 and 0.22+0.Qwol.I"* respectively (means +S.D.). Samples for
copper measurements were taken 5 times a weeko@pegrcmeasurements were made
using graphite furnace atomic absorption spectrmphetry (Perkin EImer AAS 703 and
HGA 500).

Measurements of oxygen consumption and ammonieetexc were made in a
respirometer (Fig. 4.1.) consisting of a small measent unit (885 ml) which was
connected to two larger circulation units (ca. 2a¢h). The measurement unit included a
small circulation pump, a vessel containing thie,fed four holders for electrodes. Time
necessary for total replacement of the water imteasurement unit with water of one of
the circulation units was determined spectrophotooady using methylene blue and
was 2-3 minutes. The electrodes used were a dwekl-sbxygen electrode (Syland
scientific, type 400-1E), an ion-selective ammoelectrode (Ingold, type 15 223 300)
with reference electrode (Ingold, type 373-90-WHEIS7) and a pH electrode (Ingold,
type U457-S7/110). The oxygen electrode was cagildraveekly using the Winkler
method (American Public Health Association, 19&3libration curves for the ammonia
electrode were made weekly in the respirometerdoyng NH,CI to water with the same

composition as the water used during the experimanthe appropriate range (0-80
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pmol.I* NH,") the ammonia electrode showed a non linear respaosording to the

formula: mV=(g.[NH4])/(co+[NH,])+c; with a correlation coefficient varying between

bbb

Figure 4.1. The respirometer as used in the exmmrima 1. circulation pump; 2. vessel
containing the fish; 3. electrode vials; 4. outflavhen connected to circulation

units; 5. connection to two different 25l circuttiunits.

Chakrabortyet al. (1992) examined ammonia excretion peaks in comoaop
after feeding and found that ammonia excretionrnett to routine levels 24 hours after
feeding. Therefore carps in our experiment were feaat for two days before
measurement. The fish were positioned in the res@ter the day before measurements,
allowing them to adapt to the situation overnighd avoiding handling stress on the day
of measurements. Overnight, the fish were providitd well aerated water from one of

the circulation units. Electrodes were put in platedeast 1 h before measurements
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started and possible air bubbles were removed ghrtle air outlet without disturbing
the fish. Five minutes before measurements stantatér provision was switched to the
second circulation unit allowing replacement of thater with ammonia free, well
aerated water which could be either copper-freeopper containing standard water. As
the measurements started, the tap to the circnlatiot was closed, and the water
circulated in the measurement unit only.

A first set of preliminary tests was performeddgtermine optimal measuring
conditions. The effects of measurement time, measant frequency and oxygen
concentration of the water were determined in stethaopper-free water in order to
assess the possible influences of these condiieraxygen consumption and ammonia
excretion. Based on the results of the prelimireaqyeriments, all further measurements
were made 3 to 4 times a day for a period of ong.Ho between measurements fish
were allowed to recover for two hours provided withater from one of the circulation
units. For the determinations of the critical oxygeoncentrations, measurements
continued until fish lost equilibrium due to theptiion of the oxygen in the water.
During this procedure, ammonia concentrations ia theasurement unit reached
maximum values of 2amol.I™.

In each of the experiments, 5 fish were market wmall cuts in dorsal, caudal or
pectoral fins and acclimated to the standard wate2 weeks. Each day during the third
week, oxygen consumption and nitrogen excretioreweeasured three times a day for
one of these fish. The next week, the fish weresonea again, but this time they were
exposed to standard water containing 0.84, 0.®428umol.I" of copper. The exposure
started five minutes prior to the first measuremgunting which all the water in the
respirometer was replaced.

Measurements were made during the first, fourlvesth and tenth hour of
exposure and subsequently fish were kept in thparopontaining standard water. After
one week of exposure, fish were measured agaie times a day and the critical oxygen

concentration was determined during the last measemt. For the copper concentration
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of 0.84umol.I*, no signs of recovery were found after this fikgtek of exposure and
measurements were repeated three times a dayaeond week of exposure.

All values are given as means £S.D.. For stasistmalysis the Kolmogornov-
Smirnov and the Bartlett test were used to assessdnditions for an ANOVA test. If
these conditions were not fulfilled, the Kruskalli¢aand Dune test were used. Critical

oxygen concentrations were calculated accorditigeganethod of Ultschkt al (1980).

4.4. Results

During measurements, pH varied from 7.8 to 7.0dddrihe given circumstances
of temperature and ionic strength, more than 98%hefammonia was present as the
ionised form (NH") in this pH range (calculated from Martell and 8mi1982).
Therefore, measured ammonia concentrations angaef® as total ammonia ().

The effects of different copper exposure concéotra on oxygen consumption,
ammonia excretion and AQ, are shown in Fig. 4.2dSure to 0.84imol.I"* of copper
(Fig 4.2. A-C) caused an immediate significant e50% in the AQ (Fig. 4.2. A),
increasing from 0.081+0.009 to 0.212+0.050 wittne first hour. During the next nine
hours of exposure, a distinct, although only panteécovery was observed. Nevertheless,
this recovery was only temporary and the AQ stsduiliafter one week of exposure at a
level close to that seen during the first hour§840.044). A similar AQ was also seen

after 2 weeks of copper exposure (0.216+0.061]tsasat shown). Fish also showed
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Figure 4.2. AQ, oxygen consumption and ammoniaetiger rates for carp before
(C) and after 1-10 hours and one week of exposuredifferent copper
concentrations (A-C: 0.84mol.I* copper; D-F: 0.34zmol.I* copper; G-I: 0.22
1mol.I* copper). Data (N=5) are given as means +S.D. * =005 compared to

control.
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slow apathetic movements and food intake stoppéeé. Sudden increase in the AQ
during the first hours was mainly caused by a isigikdrop in oxygen consumption
falling from 7.3+1.9umol.g*.h* to 2.3+0.4umol.g*.h™* during the first hour (Fig. 4.2.
B). Ammonia excretion only showed a small, non-$iggnt decrease from 0.6+0.1
pumol.g.h* to a minimum of 0.3+0.umol.g*.h™* during the seventh hour of exposure
(Fig. 4.2. C). One week later, ammonia excretiod hacovered to previous levels
(0.7£0.2 pmol.g*.h"), whereas oxygen consumption remained signifigattiver
(3.6+0.9umol.g*.h%).

Figures 4.2. D-F show the results of exposureofper concentrations of 0.34
umol.I't. Here, the pattern was similar to that seen wigd gmol.I*, with a smaller but
still significant initial rise in the AQ of 45% (§i 4.2. D). Although the AQ after one
week of exposure was still significantly higher rinhefore exposure, the oxygen
consumption had possibly partially recovered (Hg2. E) and was no longer
significantly different from the value seen befesposure. Nevertheless, food intake and
activity remained on a lower level when comparekwels before exposure. At a copper
concentration of 0.2fmol.I*, none of the measured physiological responseseofigh
were significantly different from control valuesigs. 4.2. G-1), and no difference could
be seen in food intake or in activity level.

To compare the AQ from fish exposed to differeapmer concentrations, the
control value for each group was set to 100% @#i8}.). The results showed that after 1 h
of copper exposure, the AQ of the three groupditiéired significantly from each other,
clearly indicating a dose response relationshigiriguthe fourth hour of exposure, the
AQ in the 0.34umol.I"-group was significantly higher than the AQ in tireup exposed
to 0.22umol.I*, while the AQ for the group of 0.84mol.I* was not. During the seventh
hour of exposure, no significant differences weoentli between the three copper
exposed groups. During the tenth hour of exposheeAQ of both the 0.3gmol.I'* and
0.84pmol.I'* group were significantly higher than the AQ in thgosure group of 0.22

umol.I'. This situation remained unchanged after one wéekpper exposure.
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Figure 4.3. Comparison of the AQ for carp exposethe different copper concentrations. The
mean value of the controls of each exposure gragset to 100%. Data (N=5) are
given as means S.D. indicates that results are significantly differgift<0.05)

from the 0.22umol.I* group and + indicate that results are significandifferent

(P<0.05) from the 0.22mol.I* group and from the 0.34mol.I* group.

Fig. 4.4. shows the determinations of the critapglgen concentration for oxygen
consumption in common carp. Critical oxygen conedian for common carp under
normal conditions was rather low, i.e. the oxygenstimption remained constant until
the oxygen concentration reached Bol.I*, wereupon the carp lost their ability to
maintain their oxygen uptake (Fig. 4.4. A). Theticali oxygen concentration was

strongly affected by 1 week of exposure to the lnghest copper concentrations. Thus,
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Figure 4.4. Oxygen consumption rate of carp intrelato oxygen concentration in the water
after one week of exposure to copper concentratfoA: 0.00 zmol.I* (C= 45
cmol.M); B: 0.22mol.I* (C= 43 tmol.Y); C: 0.34mol.I* (C= 126 umol.™); D:
0.84mol.I* (C. could not be determined).
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Figure 4.5. Ammonia excretion rate of carp in r@atto oxygen concentration in the water
after one week of exposure to copper concentratfoA: 0.00 zmol.I* (C= 35
pmol.M); B: 0.22 zmol.I* (C= 21 gmol.I); C: 0.34 umol.I* and D: 0.84zmol.I*

(Cc could not be determined).
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for the 0.34pmol.I-group, a critical oxygen concentration of 12®o0l.I" was found
(Fig. 4.4. C), and the influence of a copper cotragion of 0.84umol.I* was even more
severe, as no critical oxygen concentration coeldiétermined (Fig 4.4. D). In fact, at
this high copper concentration, regulation of oxygensumption was totally lost as the
water oxygen level declined. Moreover, these fisteaaly showed difficulties in
maintaining their equilibrium at rather high oxygesncentrations (125 to 150nol.I"%).
Therefore, measurements were stopped.

Ammonia excretion showed the same pattern as oxygasumption in the
copper-free water, quickly declining below an oxygencentration of 3fimol.I* (Fig
4.5. A). Under control conditions and at the lowespper concentration, ammonia
excretion remained constant until a critical oxygamcentration was reached. At a
copper concentration of 0.34nol.I" ammonia excretion fell gradually in response & th
declining oxygen level (Fig. 4.5. C), and at theheist copper concentration all
regulation appeared to be lost (Fig 4.5. D).

Because of the similarity in oxygen consumptiod ammonia excretion in the
responses to falling oxygen levels, no critical gty concentrations were indicated in
the AQ (Fig. 4.6.). Whereas in copper-free water AQ remained stable, exposure to
copper caused an increase of the AQ in functiofalihg oxygen concentration, the
Spearman's correlation coefficients being -0.86%(@01), -0.449 (P<0.001) and -0.478
(P<0.001) for copper concentrations of 0.22, 0r3dl @84pumol.I"* respectively (Fig 4.6.
B-D).

4.5. Discussion
The respirometer used in this study allowed usm@asure rates of oxygen
consumption which were close to the standard mbtabate for carp determined by

Ultschet al (1980). The mean rate of oxygen consumption ptsseen in copper-free

water was 6.4+1.jmol.g*.h". Ultschet al (1980) determined a standard metabolic
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Figure 4.6. AQ of carp in relation to oxygen corication in the water after one week of
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rate for carp of 1.8mol.g*.h" and a routine metabolic rate up to fr@ol.g".h™" using
carps of ca 1960 g at a temperature of 15 °C. I€eve=ct these values for weight
according to the formula for carp given by Konstamt (1981) (Q=0.343.\%%9, and for
temperature according to they@f 2.0 for carp given by Hughes al (1983) we obtain
values of 5.3umol.g".h* for the standard metabolic rate and 1gm8ol.g*.h* for the
routine metabolic rate for carp of 25 g at 20°Ce3éhresults indicate that stress caused
by our experimental procedure was minimal in cogpes standard water.

For mammalian tissue, the maximal theoretical AQ& 100% aerobic protein
degradation was determined to be 0.27. This vadsealso been used as the maximal AQ
for aerobic protein metabolism in fish tissue (Kuft972; Van den Thillart and Kesbeke,
1978; Van Waarde, 1983). In 1975, Kutty and Peehdfeed suggested that for fish
tissue this value could be an underestimate, artty Kii978) gives a maximal AQ of
0.33 for fully aerobic protein degradation in fisbsue. Based on this value, it can be
estimated that the fraction of total energy usesoew by protein oxidation changes from
25-32% in copper-free standard water to 65% afterweek exposure to 0.pdnol.I* of
copper and after two weeks of exposure to coppeideof 0.84umol.I*. All presently
seen AQ values remained below the maximal AQ 08 @uBggesting that steady state
conditions prevailed during the experiments.

The critical oxygen concentration for oxygen canption determined in the
copper-free water was 45mol.I*, which also falls into the range of critical oxyge
concentrations determined by Ultsehal (1980). Furthermore, our data demonstrated
for the first time that also a critical oxygen centration for ammonia excretion exists.
There are three possible mechanisms for the eaorefi ammonia: passive NHlux,
ionic exchange of NH for Na', and passive NH flux. The most significant of these
three routes is without any doubt the passive siifiu of NH, and this excretion is
positively correlated with its partial pressure dieat (Cameron and Heisler, 1983;
Randall and Wright, 1987; Wright and Wood, 1985néa! et al, 1991). The rate of
ammonia release to the water is therefore closthted to the production of ammonia

by the fish. The major source of ammonia in fislpngtein catabolism; thus, it appears
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that protein catabolism closely follows oxygen aonption in carp, and that the rate of
protein breakdown rapidly falls when the oxygenasmiration in the water falls below a
critical level. In fact, oxygen consumption and apmma excretion rates followed each
other so closely that the AQ remained linear oher whole range of ambient oxygen
levels studied, indicating that the fraction of g&p consumption related to protein
oxidation remained stable. This also suggeststiieatarp did not switch to an anaerobic
degradation of proteins or amino acids in respaadalling oxygen levels, but instead
increased their use of carbohydrates as fuel. agmnses well with the generally accepted
view that carbohydrates are the only major sountégel for energy metabolism during
severe hypoxia and anoxia (Hochachka and Somei®4)19he possible effect of
ammonia accumulation in the closed respirometer reinbe ignored. However, this
factor is unlikely to have had any appreciable @ffeon the results since maximum
ammonia concentrations in the respirometer remabwdw 10% of normal plasma
concentrations in carp (Vellas and Serfaty, 19F49reover, an effect of the partial
pressure gradient of NHwould be more gradual and can therefore not explae
sudden drop seen in ammonia excretion.

Exposure to copper concentrations of O\8¥ol.I*, or higher, resulted in an
immediate drop in oxygen consumption. Despite tinsp in oxygen consumption,
ammonia excretion rates remained stable under nacnoonditions. Although lower
mean ammonia excretion rates occurred at the fosgtlenth and tenth hour of exposure
to copper concentrations of 0.Bdnol.I* and 0.84umol.I'*, none of these differences
were significant when compared with the ammoniaedian rate before exposure. Thus,
although oxygen consumption is reduced by coppao®xe, protein catabolism appears
to remain constant, or is at least less affected b&comes relatively more important.

Possible causes of the impaired ability of coppgrosed fish to extract oxygen
from the water include gill damage and secretiomo€us by the gills and body surface.
At 0.84 pmol.I"', an excess of mucus could be observed. Mucus giiodus a general

defence mechanism against metal toxicity (reviewgdcDonald and Wood, 1993).
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Part and Lock (1983) showed that mucus not onlgdimetals but also significantly
retards their rate of diffusion.

After one week of exposure to copper, a recovetiie@oxygen consumption was
observed in the group exposed to Quadol.I"* copper but the AQ remained significantly
higher. This recovery could indicate repair of gdsue during this period. In a study on
brook trout exposed to jEmol.I* of Al, Mueller et al. (1991) showed that gill damage
was most pronounced at day four of exposure, vatirasis, hyperplastic epithelial cells
separating from the basal lamina and extensive llaméusion, after which a
considerable progressive repair of the gills oamlrr

In the group exposed to 0.84nol.I" copper, no recovery in oxygen consumption
or the AQ occurred, not even after two weeks obeype. In addition to mucus secretion
and gill damage, a third phenomena could accounafower oxygen consumption.
With increasing copper concentrations, the car@imecmore and more apathetic and
lost appetite. Such effects may contribute to aiedese in metabolic activity.

The threshold for the effect of copper exposuremnmon carp measured in this
investigation lies between 0.22 and Oy3dhol.I". Only a few previous studies have
examined physiological effects of copper exposure@mmon carp. Effects of copper
sulphate on enzyme activities have been examindtieati6zsef Attila University in
Hungary where concentrations of 1 to 50 ppm of eogplphate (6.25 to 312u8nol.I™)
were used (Nemcsait al, 1984; Asztalos, 1986; Asztales al, 1990). O'Neill (1981)
showed that antibody levels @yprinus carpioand Salmo truttadecreased after 38
weeks of exposure to 0.29 ppm of copper (46®I.I"). Other effects were reduced
hematocrits, reduced serum protein levels and wioghb.

In conclusion, with increasing copper concentregjacarp lose more and more of
their ability to regulate their oxygen consumptiand the critical oxygen concentration
for both oxygen consumption and ammonia excretidiftss to higher oxygen
concentrations. In copper-free water, they are @blegulate their oxygen consumption
until oxygen concentrations drop as low ag®l.I". At a copper concentration of 0.34

umol.I* this has shifted to an oxygen concentration of i®l.I"* and at a copper
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concentration of 0.8amol.I" the ability to regulate oxygen consumption is ltptest.
This means that exposure to these copper condgengatrongly disturbed the energy
metabolism of carp at oxygen concentrations whichild occur in their natural
environments. Thus, the characteristic ability efpcto survive under low oxygen
conditions is likely to be strongly compromisedtite presence of copper. As also
ammonia excretion is clearly disturbed at this pdime carp are submitted to an even
more demanding situation.

Our results suggest that measurements of oxygesuomtion in combination
with measurements of ammonia excretion can be ueedssess the effects of
environmental perturbations on the energy metamoditfish. The determination of the
critical oxygen concentrations for regulation ofyg&n consumption and ammonia
excretion provides important information on the gibjogical condition of the organism.
Since the procedure ia vivo and non-invasive, the measurements can be peidorme
repeatedly on the same animal over periods of sionthat acclimation processes can be
followed.
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CHAPTER V: EFFECTS OF SUBLETHAL COPPER EXPOSURE ON
THE ENERGY METABOLISM OF COMMON CARP, MEASURED BY
IP.NMRS

5.1. Summary

The effects of shock and subchronic exposure (&kyvéo 0.36+0.08 and
1.31+0.22 uM of copper on the energy metabolisroomhmon carp@yprinus carpio
were studied by means of vivo **P-Nuclear Magnetic Resonance Spectroscépy (
NMRS). During the experiments, fish were submitted an additional hypoxic
exercise and recovery from this exercise was falbvduring 6 hours. During all
experiments ATP levels remained stable. Whereasrucahtrol conditions, levels of
phosphocreatine f and inorganic phosphatePecovered fast after the exercise, no
full recovery was observed after shock copper exyosAlso intracellular pH (pi
did not recover from the exercise after shock expmsAfter one week of exposure the
fish had clearly developed some tolerance towardpper. At both copper
concentrations, & and R levels returned to resting levels after the exercbut at the
highest copper concentratiog M, ratios were significantly lower than, ratios in
the control group and levels ot,Pand R were very unstable. At this high copper
concentration, also pHvas clearly decreased compared to the controlpgexen

before the exercise.

" Based on the manuscript by De Boeck, G., Borgety&n der Linden, A. and Blust, R., 1996.
Effects of sublethal copper exposure on the energiabolism of common carp, measured by
3p_NMRS.Environ. Toxicol. Chemsubmitted.
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5.2. Introduction

Due to human activities, trace metal levels inaiguhabitats have increased
considerably during the last decades. The curi@et af world-wide industrial inputs
greatly exceeds the baseline burdens of trace snet#the average lake and river, with
the principal sources of pollutant metals in ndtwaters being the discharge of
domestic and industrial (including mining and smglivastewater and the dumping of
sewage sludge. Anthropogenic inputs of copper ie #guatic ecosystems are
estimated to be up to 190°1y yr* (Nriagu and Pacyna, 1988). In all of these aquatic
ecosystems, sublethal concentrations of these snatay cause biochemical,
physiological, morphological and genetic changéfiecting e.g. development, growth
and reproduction.

In fish, the gills are the most important orgaos ibn regulation and oxygen
uptake. The branchial epithelium forms a large anltherable contact area with the
environment, making gills the first organs to béeetied by metals (Laurén and
McDonald, 1985; Muelleet al, 1991; McDonald and Wood, 1993). Also the skin is
in intimate contact with the environment and regfgorapidly to pollutants such as
copper (lgeret al, 1994). Following uptake across these surfacegsiplogical
effects of copper, even at sublethal concentrati@me substantial. Reduction of
appetite and growth under copper stress are loog/kreffects (Benoit, 1975; Le¢t
al., 1976; Buckleyet al, 1982). Also elevated plasma cortisol levels (8ckrand
Lorz, 1978) and plasma glucose and ammonia lev&arén and McDonald, 1985;
Nemcsok and Hughes, 1988) were reported. Furthernagetylcholinesterase activity
was depressed (Nemcsok and Hughes, 1988) whiletéadehydrogenase activity was
elevated (Asztalos, 1986). Besides elevated glumnsds Heath (1991) also reported
depressed liver ATP levels, an effect which wadl smhanced under hypoxic
conditions. This indicates that both the aerobid #me anaerobic capacity of the
energy metabolism were affected. In our own lalpposiig common carp to low levels

of copper (0.20-0.84 uM) showed reduced growth Bioecket al, 1996, see chapter
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lll), reduced oxygen consumption and higher criticaygen concentrations,
indicating a decreased capacity to cope with enmrental perturbations (De Boeek
al., 1995a, see chapter 1V). Also substantial changeshe levels of the brain
neurotransmitters serotonin and dopamine, loweontador activity and depressed
food intake were observed (De Boeatlal, 1995b, see chapter VI).

In order to further elucidate the effects of stié copper concentrations on the
energy metabolism of common carp, this paper ptesesults obtained kg vivo *P-
Nuclear Magnetic Resonance Spectroscd8-NMRS) of lateral muscle in copper
exposed cargdn vivo*P-NMRS allows simultaneous and continuous measurenoé
the phosphorous compounds involved in the energglmésm. Inorganic phosphate
(P), phosphocreatine ¢ and three phosphorous resonances of the nucéeosid
phosphates (NP) can be monitored in function oftim a non-invasive way'P-
NMRS has been used before to study the energy oiletabin fish muscle under
normoxic, hypoxic and anoxic conditions (Van denllaht et al, 1989a; Van den
Thillart and Van Waarde, 1991; Van Waarekeal, 1991) and after acid exposure
(Van Waardeet al, 1990). So far, né@P-NMRS studies have focused on effects of
chemical stressors in fish. In the mollublaliotis (Abalones) different salinities
(Higashi et al, 1989) and a combination of pentachlorophenol &smperature
(Tjeerdemeet al, 1993) caused a decrease in levels of both ATPpandphoarginine
while P levels were elevated. Because vivo *P-NMRS allows continuous
measurements of the metabolites in a non-invasiang W has the advantage that the
exposed organisms can be followed over a periotineé. In order to be able to
evaluate the capacity of the carp to cope an axhditimild exercise, a short period of

hypoxia was included during the measurements atal/ezy was followed.
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5.3. Material and methods

5.3.1. Animal holding and copper exposure

Common carp,Cyprinus carpi9p were obtained from Vanstalle fish farm
(Belgium). They were held in large tanks (800 Itenéd Antwerp tab water: Ca:
0.875mM, Mg: 0.145 mM, pH = 7.0-8.0) at the optineinperature of 25°C (Elliott,
1981) for at least 2 months before use. The waserfiltered with a trickling filter and
its quality was checked every week with Visicol@sT Kits (Macherey-Nagel, Diren)
for ammonia, nitrite and nitrate to ensure thaelswnever exceeded 0.1 myg L mg I
or 20 mg 1, respectively. The carp were fed ad libitum onaig with ‘Pond Sticks’
(Tetrapond, Henckel).

Three weeks before starting the experiments, 20 weeighing 8&6 g were
selected and transferred to two 150 | aquariadfilath standard moderately hard
water (STW) according to Standard Methods (AmeriPablic Health Association,
1989: CaSQ2H,0: 0.348 mM; MgSQ@2H,0: 0.500 mM; NaHC@ 1.143 mM; KCI:
0.054 mM; pH: 7.4-7.8). The STW was well aerateddbleast 24 hours before use.
During the first week the temperature in the aquams gradually adjusted to 20°C (z
1°C) and the photoperiod was set at a 14 hour pghiod, 10 hour dark period. Carp
were again fed ad libitum once a day with ‘Pondl&ti and water was filtered with
trickling filters and partly (50%) renewed twicewaeek. Following this procedure
levels of excretory products did never exceed kEwatntioned above and pH was 7.7
+0.1 for all groups.

Copper was added to the STW as a copper nitratelatd solution (Merck, 1 g
It Cu(NGy),.2H,0) and the water was aerated and mixed for at B&s$tours before
use. During copper exposure, all activated chareasd removed from the filters.
After equilibration the addition of 1 or 4 uM of moer resulted in concentrations in

the aquaria of 0.36£0.08 and 1.31+0.22 uM of coppespectively. Copper
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measurements were made using graphite furnace @tdyorption spectrophotometry
(Perkin EImer AAS 703 and HGA 500).

5.3.2.*'P-NMR spectroscopy

In vivo *P-NMR spectra of carp muscle were obtained on aSSMMR
instrument (Gildford, U.K.), with a field strengtif 7 tesla, an horizontal accessible
bore of 8 cm diameter and shielded gradients witrength of 100 mT/m. The signal
of the fish muscle was picked up with a surfacé ab0 mm diameter, which was
double tuned to the hydrogen and phosphorous fremges (300 MHz and 121 MHz,
respectively). A glass capillary tube filled withsalution of methylenediphosphonate
(MDP) was mounted on the surface of the coil, ogpo® the fish and served as
standard. For time course studies, free inductiecay (FID) signals were acquired
under the following conditions: a 60° pulse of 10§ a 10 kHz spectral width, a 3750
ms repetition time, and 2048 sample points. Eadttspm was averaged over 48
scans, which resulted in a total acquisition tinfe3ominutes. The B field was
optimised by shimming on th#{ (proton) signal until the full width at half mamum
of the'H signal was less than 0.2 ppm. In this set of erpents, relative (compared
to the external standard (MDP)) quantification veddained using peak integration
since the peak area is directly proportional to tomcentration of the chemical
compound (Van Waarde and Van den Thillart, 1994usTl the levels of ;PP., and
NP in fish could be monitored by determining thiatiee resonances intensity (RRI).
The intracellular pH (phl was calculated from the difference in chemicaiftsh
between Pand R, as standardised by Van den Thillartal. (1989a). Since pHtould
only be determined when a clear peak was observed, and since under normoxic
steady state conditions thed@ak was barely visible, extrapolations were nfadéhe

missing data of individual fish.
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5.3.3. Experimental setup

Carp were anaesthetised untill loss of equilibriwith 100 mg T of MS-222
and mounted in a flow cell, which was a slightlydii®d version of the one described
by Van den Thillart et al. (1989b). The animal wasssed gently against the flat side
of the flow cell and immobilised by an inflatabléagtic bag filled with water. The
flow cell was mounted horizontally in the bore dfetspectrometer and the fish
remained immobilised during the entire measuringople A constant irrigation of the
gills (500 ml/min) was realised with experimentadter provided by one out of two
aquaria near the NMR spectrometer. Both aquaridacwed different experimental
waters; one was filled with copper free the STWg tither one contained STW with
the appropriate copper concentration. A switch ketwexperimental waters could
easily be made by a control valve. Since experialemater contained no anaesthetics
the fish woke up rapidly and remained consciousinduthe entire experiment.
Handling of carp prior to experimentation reveadedincrease in;Pa decrease incP
levels and a drop in pHIt has been demonstrated before that fish caddwer from
handling stress when allowed to remain for a fewrldn aerated water conditions
(Van den Thillartet al, 1989b). Experiments were started when effecthamidling
stress had disappeared according to the maxirgareBonance, the minimum; P
resonance, and the stable;pH

During a first two hour period'P-NMR spectra were acquired under fully
aerated conditions. When exposed to a copper shibek,switch to the copper
containing water was made after the first hour bfRNacquisition. Following this two
hour period, the fish were submitted to a shoermitted period of hypoxia obtained
by bubbling the medium with nitrogen. This peridchgpoxia created an extra load on
the energy metabolism and was considered as anisxe©xygen content of the water
dropped from 9.3-9.2 mg'lto 1.1-1.0 mg™t within 10 minutes. The common carp is
known to withstand short periods of hypoxia rativefl (Smith and Heath, 1980; Van
den Thillart and Van Waarde, 1985) and these psrafdhypoxia represent only a
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minor challenge to the energy metabolism of thh.fiBhe hypoxia period to which
each individual carp was exposed lasted until taerésonance dropped with 50%.
This procedure ensured an equivalent moderate daatthe energy metabolism to all
the individuals used. Hereafter the carp were abwo recover from the hypoxia
stress under fully aerobic conditions and the NM#&§uisition proceeded up to six
hours after the hypoxia was ended.

Five groups of fish were studied: a ‘control growpich remained in the STW
during the entire experiment, two ‘copper shockasxpe groups’ in which the switch
to copper containing water was made after the fiostr of observations (0.36 or 1.31
UM of copper respectively), and two ‘subchronic pepexposure groups’ which had
been in copper containing STW at the same copp®ettrations for one week before
being measured.

5.3.4. Data processing

In this study the phosphorous compound levels 0PAR, and R were
expressed as peak areas after the spectra hadnbeerlised using the external
standard (MDP) as reference peak. AlgsgHPratios were calculated as an indication
of the use of B pool to stabilise the ATP level. Indeed, when AP used
(ATP - ADP+R), the creatine kinase equilibrium shifts to ATP rni@tion
(Pc+ADP+H" <. Cr+ATP) resulting in a net reaction ofPH" - Cr+PR.

To analyse the results we have determined redgmgls before hypoxia,
maximal deviations during hypoxia and mean levélsrdnypoxia for the phosphorous
compounds and for the pHIhe resting levels are the means of the valuésiraal
before the hypoxia load is induced. The maximaliaten refers to the minimal @R
Pc/P,) or maximal (P value that was measured due to the hypoxia Ibhd. levels
after hypoxia are the means of the values duringuwery from hypoxia, calculated for
every hour starting from the moment that the hyadaad was ended until six hours

later. Furthermore, we looked at the percentageaecbvery of the phosphorous
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compounds. Forfand R, this is calculated from the RRI prior and aftgpbixia. The
resting level is considered equal to 100% and tagimmal deviation equal to 0%. Thus

the level of recovery is defined as follows :

L= A-M [100%

(Lr = level of recovery, A = level after hypoxia, Rresting level and M = maximal

deviation caused by hypoxia).

5.3.5. Statistics

Statistics were performed using Statistica for #divs (StatSoft, Microsoft)
using two-way analysis of variance with repeatecasneements and results were
considered significant when P<0.05, P<0.01 and ®X0.Post hoc comparisons were
made using the least significant difference tespfanned comparisons. Homogeneity

of variances was tested using the univariate test.

5.4. Results

5.4.1. Changes in ATP content of carp muscle

Levels of ATP did not differ between the differeeposure groups (RRI:
1.43t0.17) and remained at a constant level throughloeitetxperiments. Since the
hypoxia was chosen to be a mild exercise, it nesased ATP levels to drop, not even

in the fish exposed to the highest copper conceotrbefore, during or after hypoxia.

5.4.2. Changes ind? content of carp muscle

In the control group, normal RRI levels of,Rvere 3.440.03 (Fig. 5.1.a).

Levels of R, remained constant during the two hours of contisumeasurements
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before the hypoxic exercise was initiated. The kypexercise lasted untildPlevels
dropped with about 50% (e.g. the maximal deviatfon the control group was
1.82+0.16) whereafter fish were allowed to recover msaturated water. Recovery in
the control group was very fast, during the fireiha recovery of 82% was reached
(Table 1) and full recovery was attained during s®eond hour after the exercise
(recovery 100%).

For the copper shock exposure groups, initial lleved R, and maximal
deviations were similar, but the recovery after thgpoxia exercise differed
substantially (Fig. 5.1.b and 5.1.d). Immediatefteraexposure to the lowest copper
concentration, recovery from the hypoxic exercisgswgreatly impaired, with only
19% recovery during the first hour following hypaxand no more than 46% recovery
during the next five hours. Although the,Revels during the entire recovery period
were significantly reduced compared to the restegls before hypoxia (P<0.001)
and thus no full recovery occurred, recovery leviftered from the corresponding
control group levels only during the first houreafhypoxia (P<0.05). This is probably
caused by the results of one fish who had very Rghlevels during the entire
experiment (clearly shown in fig. 5.1.b), even tHlolATP and Plevels were normal.
The R, levels of this fish also showed a higher rateeafovery compared to the other
fish in the low copper shock exposure group. Atiee week of exposure to this low
copper concentration, fish appear to have acclichabtel show, as in the control group,
a full recovery from the hypoxia (97%) after twouln® as far asd?is concerned (Fig.
5.1.c).
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RRI

RRI
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Figure 5.1. Relative resonance intensities (RRI)Pgf (black lines) and P(grey lines)
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measured in lateral muscle of common carp. After lurs the hypoxic exercise
started until R, levels dropped with 50% and recovery of the carguily air
saturated water was followed for 6 more hours. Egdph presents data from 3
individuals: a) control group; b) low copper sho&xposure group; c) low
subchronic copper exposure group; d) high coppeckhexposure group; e) high

subchronic copper exposure group.
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Although this acclimation occurred, their was ngndiicant difference between the
low copper shock exposure group and the low sulmbiroopper exposure group,
again caused by this one aberrant fish.

In the high copper shock exposure groug,|®vels of the fish did not recover
at all and remained significantly lower (P<0.00hart the resting levels during the
entire measuring period (Fig. 5.1.d). After a fivery small recovery during the first
two hours after hypoxia (no more than 14% recov&y0.05 compared to control
group), R, levels even dropped to 13% below the maximal denadevel obtained
during the hypoxic exercise (P<0.01 compared totrobrgroup). Thus, a further
decline of their condition was observed. Howevermortalities were observed during
the experiment, and after one week of exposuréhéohigh copper concentration,
resting RRI levels of £ (3.11+0.29) were comparable to the resting levels of the
control group (Fig. 5.1.e). Resting RRI levels loé two subchronic copper exposure
groups were not very stable compared to the refiRg levels of the control group
and, certainly at the highest copper concentrativaps in R, levels were observed
regularly (Fig. 5.1.e). When we tested the homotjgmé variances over this first two
hours of measurements, both the group exposedetdoin as well as the group
exposed to the high copper concentration showedrafisantly higher variation
(P<0.05 and P<0.001 respectively). Except for tret hour, where the recovery level
of the R, was still significantly lower than the recoverywéd of the control group
(P<0.05) fish exposed subchronically to the higppss level, had apparently also
regained the capacity to recover from the hypoxierese. Full recovery to resting
levels occurred starting from the second hour dfygoxia (95%). From the third hour
on, recovery levels were significantly higher tharthe high copper shock exposure

group, indicating that some form of acclimation lvadurred.
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Table 5.1. Mean values and recovery levels aftpokia of PCr in white muscle of common carp immelglatfter exposure to a low (Cu: 0.36 uM) or

high (Cu: 1.31 uM) copper shock and mean valuesraoovery levels after one week of exposure tetheppere concentrations (n=3; *:

mean values are significantly lower than restingeldn the same group; mean values are significantly lower than corresgimg values in

control group; %> mean values are significantly higher than corrasging values in the shock group at the same coppecentration; *:
p<0.05; **: p<0.01; ***: p<0.001).

CONTROL
Mean (RRI)
Recovery level (%)
Statistics

LOW SHOCK
Mean (RRI)
Recovery level (%)
Statistics

LOW WEEK
Mean (RRI)
Recovery level (%)
Statistics

HIGH SHOCK
Mean (RRI)
Recovery level (%)
Statistics

HIGH WEEK
Mean (RRI)
Recovery level (%)
Statistics

RESTING
LEVEL

3.44+0.03
100

3.88t0.57
100

3.52+0.45
100

3.53t0.25
100

3.11+0.29
100

MAXIMAL

DEVIATION

1.82+0.16
0

1.91+0.22
0

1.66+0.32
0

1.92+0.25
0

1.60G+0.09
0

1ST HOUR

3.140.21
82

*k%k

2.34+0.73
19

*kke o
)

2.96t0.31
71

*k%k

2.05:0.53
7

*kke o
)

2.29%0.23
48

*kke o
1)

2ND HOUR

3.44+0.11
100

2.89+0.90
46

*k%

3.44+0.31
97

2.1#0.64
14

*kke o
)

2.990.26
95

3TH HOUR

3.54+0.17
106

2.82+0.88
43

*k%k

3.54+0.36
102

1.93t0.61
-1

*%kk: oo
)

3.10+0.15
101

4TH HOUR

3.54t0.19
106

2.75:0.99
39

*k%k

3.60+0.40
105

1.78+0.62
-11

*%kk: oo
)

3.140.24
107

5TH HOUR

3.61+0.18
110

2.81+1.12
42

*k%

3.61+0.39
106

1.76+0.62
-12

*%kk: oo
)

3.11+0.24
103

6TH HOUR

3.58t0.20
108

2.85+0.18
43

*k%k

3.62:0.40
107

1.73:0.58
-13

*%kk: oo
)

3.16:0.31
107
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Table 5.2. Mean values and recovery levels aftpokia of Pi in white muscle of common carp immdglatier exposure to a low (Cu: 0.36 uM) or
high (Cu: 1.31 uM) copper shock and mean valuesraoovery levels after one week of exposure teetbheppere concentrations (n=3; *:
mean values are significantly lower than restingeldn the same group; mean values are significantly lower than corresgimg values in

control group; %> mean values are significantly higher than corrasging values in the shock group at the same coppecentration; *:
p<0.05; **: p<0.01; ***: p<0.001).

RESTING MAXIMAL
LEVEL DEVIATION 1STHOUR 2NDHOUR 3THHOUR 4THHOUR 5THHOUR 6THHOUR
CONTROL
Mean (RRI) 0.38:0.07 1.81+0.18 0.53t0.09 0.40t0.05 0.41+0.08 0.390.05 0.40£0.06 0.40£0.06
Recovery level (%) 100 0 89 99 98 99 99 98
Statistics *xx
LOW SHOCK
Mean (RRI) 0.49:0.13 2.200.22 1.74-0.13 1.18+0.32 1.25+0.26 1.31+0.35 1.23t0.45 1.2G+0.53
Recovery level (%) 100 0 25 58 54 50 54 55
Statistics *ik: eee ke o *hk: o *hk: oo *kk: o *hk o
LOW WEEK
Mean (RRI) 0.55t0.06 2.18t0.49 1.0Gt0.15 0.55t0.05 0.51+0.03 0.51+0.02 0.52+0.03 0.50:0.02
Recovery level (%) 100 0 73 101 102 102 102 103
Statistics ke o O ° ° ° ° °
HIGH SHOCK
Mean (RRI) 0.58t0.13 2.01+0.20 1.79+0.46 1.63:0.63 1.82+0.67 1.89+0.69 1.91+0.66 1.92+0.64
Recovery level (%) 100 0 16 28 14 10 8 7
Statistics . *ik: eee *kk: oo *hk: eee *kk: eee *kk: eee *hk oee
HIGH WEEK
Mean (RRI) 0.78t0.17 2.10t0.06 1.48:0.22 0.7%0.27 0.71+0.10 0.68t0.14 0.72:0.16 0.66t0.17
Recovery level (%) 100 0 49 101 107 110 107 111
Statistics eee: 0 *kk: g0 ° oo o0 o0 oo
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5.4.3. Changes in;Rontent of carp muscle

Changes in the RRI levels of &e similar but opposite to the changes ¢ P
RRI levels (Fig. 5.1.a-e). As withcPRRI levels in the control group, recovery from
the hypoxic exercise was already complete duriregsticond hour (Table 2; 99%).
The effects of the shock exposure ognRRI levels were slightly smaller than the
effects on B RRI levels with recovery levels of 25% during tfiest hour and
between 50 and 58% during the next hourdewels in the low exposure group were
significantly higher during the entire recovery ipdr (P<0.001 during the first hour,
P<0.05 or P<0.01 during the next hours) since noh¢he fish showed to have
irregular R values (Fig. 5.1.b). After one week of exposuretite low copper
concentration, again acclimation appeared to hawiroed and recovery from the
hypoxia was already complete during the second.hsiilf, during the first hour, P
levels were significantly higher than in the cohtgooup. The acclimation was also
reflected in the fact that; Revels of the low subchronic copper exposure graepe
significantly lower than those of the low coppeosk exposure group, and this during
the entire recovery period (Table 2, P<0.01 dutimg first hour, P<0.05 during the
next hours).

Shock exposure to the high copper concentrati@nagaused very profound
effects. Plevels remained very high (P<0.001) compared sting levels during the
entire recovery period. Also compared to the recp¥evels in the control group, P
levels remained significantly higher (P<0.001 exdpting the second hour where
P<0.01). Although after one week of exposure ts thigher copper concentration
some form of acclimation could be observed, resiigl levels of P were still
significantly elevated compared to control levéds/gt0.17, P<0.001) and; FRevels
showed a very irregular and unstable pattern. Exepthe first hour of recovery,
where P was almost three times as high as in the contmmlg (P<0.001), Pevels
returned to the resting levels (101% during theosdchour) and were no longer

significantly higher than levels in the control gpo Starting from the second hour of
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recovery, Plevels were also significantly lower than IBvels in the copper shock
exposure group at the same copper concentratiop.@B% except during the second
hour where P<0.01) and thus some form of acclimatad occurred.

Resting P levels were comparable in all groups except fax subchronic
exposure group at the high copper concentratiorallSefrevations were found in; P
resting levels in the low subchronic copper expesioup and the high copper shock
exposure group (P<0.05), butr@sting levels in the high subchronic exposureugro
were clearly elevated (P<0.001). Also the variaiior®, resting levels of the groups
which had been exposed to copper subchronicallieréidl significantly from the

variation in the resting levels of the control goq®<0.001 for both groups).

5.4.4. Changes in&P; content of carp muscle

More pronounced effects appeared when th#&Ratios were calculated (Table
3). For the control group, recovery of thg/P, ratio following the hypoxic exercise
was again complete after the first hour. As fef &d R for the low copper shock
exposure group, thecfP, ratio did not recover from the hypoxic exercisenpared to
the resting level during the measuring period (P&0), and remained also
significantly lower than levels of the control gpoduring this entire period (P<0.001
except during the 5th hour where P<0.01).

After one week of exposure to the lowest copperceatration, B/P, ratios
recovered after one hour compared to the restiagl,ldut remained significantly
lower than control levels for the first four hoA<0.001 during the first hour, P<0.05
for the next three hours). The recovery after hygpam the low subchronic copper
exposure group was significantly better than inlttve copper shock group (P<0.01 or

P<0.001), indicating that the fish had partiallglanated to the exposure conditions.
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Table 5.3: Mean values and recovery levels aft@olkia of PCr/Pi ratios in white muscle of commornpcanmedately after exposure to a low (Cu:
0.36 uM) or high (Cu: 1.31 uM) copper shock and mgalues and recovery levels after one week of xpoto these coppere
concentrations (n=3; *: mean values are signifidgriower than resting level in the same groupmean values are significantly lower
than corresponding values in control groupmean values are significantly higher than corr@sging values in the shock group at the
same copper concentration; *: p<0.05; **: p<0.01}* p<0.001).

CONTROL
Mean (RRI)
Recovery level (%)
Statistics

LOW SHOCK
Mean (RRI)
Recovery level (%)
Statistics

LOW WEEK
Mean (RRI)
Recovery level (%)
Statistics

HIGH SHOCK
Mean (RRI)
Recovery level (%)
Statistics

HIGH WEEK
Mean (RRI)
Recovery level (%)
Statistics

RESTING

LEVEL

9.69+2.10
100

8.50+2.47
100

6.65t1.38
100

6.5#2.11
100

4.35:1.42
100

MAXIMAL
DEVIATION

1.01+0.13
0

0.8#0.04
0

0.80+0.31
0

0.9#0.17
0

0.76t0.07
0

1ST HOUR

7.281.11
73

*k%k

1.53t0.75
7

*kk: qo0
1

3.91+0.74
54

**%: o0 ©O°
1 1

1.3Gt0.71
4

**k%k: oo0
)

1.81+0.52
35

k%% o060
7

2ND HOUR

9.1%*1.17
96

2.7%1.67
22

*kk: qo0
1

6.49+0.61
100

..00
’

1.68+1.32

4.16+:1.45
112

3TH HOUR

9.18+1.84
95

2.48t1.40
19

**k%: qo0
1

7.09+0.72
110

..00
]

1.32+1.03

4.60+0.90
122

4TH HOUR
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The same pattern could be observed at the highecaponcentration. For the
copper shock exposure group,/P; ratios were significantly lower than resting lesvel
and levels of the control group after the hypoxiereise (P<0.001 during the entire
recovery period). After one week of exposure, ngstievels of R/P, ratio were
significantly lower than /P, ratio of the control group, indicating that enesppply
was compromised, even without an additional exerciAithough some acclimation
seemed to have occurred compared to the shock engpafier one week of exposure
(P<0.05 except during the last hour where P<0.00)/P, ratios remained
significantly lower than control group levels (P8O1 except for the 5th hour were

P<0.05) after the hypoxic exercise.

5.4.5. Changes in intracellular pH

Figure 5.2. shows the changes in pHthe different exposure groups during the
experiments. Resting pHevel of the control group was 7.26+0.03 and restevels
of the copper shock exposure groups before theciseewere very similar (7.29+0.02
and 7.24+0.03). For the group exposed for one wedke low copper concentration,
mean resting pHevels were slightly decreased (7.17x£0.05), buttie group exposed
for one week to the high copper concentration measting pH levels were
significantly lower (6.89+0.05, P<0.001). Under troh conditions, pHK declined
quickly during the hypoxic exercise and continuex drop for a while after
reoxygenation of the water had occurred so thatrtimemum level was reached 6 to 9
minutes after reoxygenation of the water (6.87tha control group). After this, pH
recovered rapidly and one hour after the hypoxerese pkwas fully recovered to
7.26. The same trend was observed for the fish segoto the low copper
concentration for one week, with a full recoveryeafthe first hour. Although the
levels remained slightly lower than in the contgybup, this difference was not
significant. In the copper shock exposure groups;ecovery of the pHvas observed

during the measuring period (P<0.001 for the wheleovery period). For the low
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copper shock exposure group a minimum level (6883 reached 45 minutes after
reoxygenation whereafter a stabilisation occurext.tke high copper shock exposure
group pH continuously dropped with a minimum level of 6.d@@ring the last hour
measured. The group exposed to the high copperotiation for a week, showed a
recovery to resting levels two hours after the eiser although the pattern remained
very irregular with values between 6.71 and 6.99 aearly below the levels of the
control group (P<0.01 compared to control grouprduthe 1th, 3th, 4th and 5th hour
of recovery; P<0.001 during the 2nd hour and P<@@ng the last hour ).
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Figure 5.2. Mean pHvalues in lateral muscle of common carp for eatkhe experimental
groups: ¢ control group, 4: low copper shock exposure group/
subchronic copper exposure group,high copper shock exposure group,high

subchronic copper exposure group.

126



Phosphorous compounds of the energy metabolism

5.5. Discussion

The stability of the ATP levels during these expents reflects the importance
of this high energy compound in the energy metabolof living organisms. Van den
Thillard and Van Waarde (1993) found that for gddf a R, drop of 70% was
necessary to cause a significant drop in ATP lewald for common carp phosphagen
energy stores had to be exhausted by more than (8% Waarde and Van den
Thillard, 1994). These values are considered tinbeative for the limits of anoxia
resistance. Since in our experimentg, Bvels always remained well above these
limiting values, the buffering capacity of the,Bool on the ATP level due to the
activity of creatine kinase was never exceededtlansl ATP levels remained stable.

Under control conditions, resting RRI levels @f RRmained continuously high
and resting RRI levels of ;Pwere very low, indicating the high cytosolic
phosphorylation potential (the index of the enestatus of a cell in terms of potential
transferable phosphate groups calculared as ATR(RD. Shock exposure to copper
alone did not appear to destabilise these restmgld and B and R remained at their
original level after the switch to copper contamwvater. A mild additional exercise
was necessary to show the profound effects caugdatidocopper shock. After one
week of exposure however, differences could be rebgeeven without the exercise:
Pc; and R RRI levels were no longer constant and at the loighper concentration
Pc/P; ratios were reduced compared to those of the alogtoup. This lower ratio
denotes a reduced cytosolic phosphorylation pa@kmven when fish were at rest, and
thus a lowered capacity of these animals to cop wdditional environmental
perturbations.

The events taking place in white carp muscle durinypoxia have been
described extensively before (Van den Thillart &aeh Waarde, 1993). In short, ATP
hydrolysis, phophagen depletion and anaerobic f§ge occur. The absence of
sufficient oxygen will cause free ADP and AMP levébgether with Pevels to rise

due to ATP hydrolysis. An increase of Bnd AMP levels will then stimulate
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glycolysis, resulting in acidosis. The acidosisetibgr with the elevated levels of free
ADP will shift the creatine kinase equilibrium tomdla R, hydrolysis. Through the
coupling of acidotic glycolysis and the alkalotig, Piydrolysis, acidotic effects of
lactate production are partially compensated. Akeixygenation, the fast reactions of
mitochondrial respiration cause a rapid drop ot f&DP, which shifts the creatine
kinase equilibrium back todPsynthesis despite the low pHhis acidotic reaction
induces the pHto drop a little further before lactate and elimination and lactate
oxidation restore pHralues to control levels. Basically, this is whas been shown in
the control group: a rapid decline ig,fevels accompanied by an increase ciitl a
rapid decrease of pHVhen reoxygenation occurred;,Rnd R quickly restored to the
resting levels and pHshowed a small delay and recuperated only aftemeial
further decline.

Although after shock exposure to copper apparerttiiing appeared to happen
before the exercise, recovery from the mild hypcexarcise was compromisedg, P
and R levels did not at all recover to resting levelsindg the measuring period,
showing a severe reduction of the cytosolic phosgatbon potential.

Several possible mechanisms of metal toxicity ddaé involved here. First, a
direct effect of copper on the activity of creatikiease could cause these effects. In a
previous study using similar copper concentratipe Boecket al, 1995b, see
chapter VI), copper accumulation was only observetiver, not in brain or white
muscle and also other studies with copper expastadshowed that muscle does not
accumulate much copper (Sorensen, 1991). Furthetmmpper accumulation in
tissues requires time, while the effects observex lappear already one hour after
copper exposure. This indicates that a direct effécopper on this mechanism can
only be of minor importance. More likely, the lowtasolic phosphorylation potential
Is a secondary effect, caused in consequence ef etfects of copper toxicity.

One of the first lines of defence against metalosxire is secretion of mucus by
the qills. There is general agreement that prodoctf mucus is an important

mechanism for protecting gill tissues from toxictale (McDonald and Wood, 1993),
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not only by binding the metals, but also by retagdiheir rate of diffusion (Part and
Lock, 1983). Besides retarding the diffusion rateapper through the gills, also the
oxygen diffusion rate will be lowered. Earlier exipgents with common carp (De
Boecket al, 1995a, see chapter V) showed that at a coppererdration of 0.34 uM
the critical oxygen concentration for oxygen conption was almost three times as
high as under control conditions (respectively ud6 and 45 uM @). At 0.84 uM of
copper the capacity to regulate oxygen consumpiias lost and no critical oxygen
concentration could be determined. Furthermoregeryconsumption during the first
ten hours after exposure dropped dramatically, ewn normoxic oxygen
concentrations. In another study we showed a sogmif rise in plasma lactate after
one week of exposure to copper concentrations& &nd 0.80 uM (De Boedk al,
1995b, see chapter VI). These results clearly atdithe lowered capacity of common
carp for oxygen uptake under these conditions tici@anaerobic conditions in muscle
tissue. Apparently, after shock exposure, fish w&ikk able to cover their energy
expenses aerobically during the resting phase $tgdevels and pHremained stable
before the hypoxic exercise. The mild exercise, cwhunder control conditions
resulted only in a short disturbance of the aerab&tabolism followed by a fast
recovery, showed that muscle tissue remained hgpowith a low pH and only a
partial or no recovery ofd?and Rlevels.

After one week of exposure, carp at the lowespeomgoncentration appeared
to have developed a tolerance to copper. The clggseosphorylation potential of the
muscle tissue was restored and, [, and R levels, although slightly less stable than
in the control group, quickly recovered to restiagels after the exercise. Only P,
ratios took a significantly longer time to recoverdevels of the control group. At 0.34
UM of copper, also oxygen consumption was reparedvered at least partially after
one week of copper exposure (De Boetlal, 1995a, see chapter IV). If fish survive
the initial shock phase of metal exposure, a plds®mpensation and repair follows
even in the continued presence of the metal. Astldaee mechanisms are believed to

contribute to this phenomenon: 1) alterations whhrrier properties of the tissue that
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act to decrease the net rate of metal entry, 2)ingnease in the storage and
detoxification of the metal once it has entered fish, and 3) an increase in the
resistance of metal-sensitive processes like iansport mechanisms (McDonald and
Wood, 1993). It is clear that at the high coppemcamtration however, the
development of this tolerance is not sufficientabteast not yet complete resulting in
a low pH and R/P ratio. At 0.84 uM, no recovery of oxygen consuroptiwas
observed either (De Boeéek al, 1995a, see chapter IV).

In short*P-NMRS in combination with a mild hypoxic exercs&®wed to be a
useful tool to study the effects of copper exposomethe energy metabolism of
common carp. The effect on the utilisation of aeray anaerobic pathways could be
evaluated, and processes of recovery could bewetlon a non-invasivan vivo way.
Shock exposure to copper greatly reduced the ciytosleosphorylation potential and
although after one week some acclimation to theahveds obvious, aerobic capacities

of the energy metabolism were still reduced.
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CHAPTER VI: BRAIN MONOAMINE LEVELSAND ENERGY STATUS
IN COMMON CARP (CYPRINUS CARPIO) AFTER EXPOSURE TO
SUBLETHAL LEVELSOF COPPER”

6.1. Summary

Serotonin (5-hydroxytryptamine, 5-HT) and dopam{@®\) are two major
monoamine neurotransmitters with a multitude ofcfions in the vertebrate brain. In
fish, the 5-HT system has been shown to be seasitiwarious forms of stress, but
very few studies have examined the effects of toretals on these monoamine
systems.

Juvenile common carp were exposed to copper lefels22, 0.34 and 0.84
UM during one week. In telencephalon, dose depeni@distin 5-HT and DA levels
were observed, with approximately 50% losses ofdhaeurotransmitters at the
highest copper concentration. Although less drameélls were also seen in 5-HT and
DA levels in hypothalamus and brain stem. No change either 5-
hydroxyindoleacetic acid (5-HIAA, the main 5-HT raboblite), AMP, ADP, ATP,
adenylate energy charge or lactate levels wererabden brain. However, lactate
levels in blood plasma increased with copper comagon. A significant copper
accumulation only occurred in the liver, while nlesanoges in brain or muscle were
seen.

It is concluded that copper exposure of commomp causes decreased brain
5-HT and DA levels, two neurotransmitters involvad for example, feeding
behaviour and locomotor control in fish. In fact,telencephalon a fall in 5-HT levels
was seen already at a copper concentration bel@aw wnere food intake and

movement were impaired.

" Based on the manuscript by De Boeck, G., Nilss@h,&lofsson, U., Vlaemick, A. and Blust,
R., 1995. Brain monoamine levels and energy statw®mmon carpyprinus carpi¢ after
exposure to sublethal levels of coppeguat. Toxicol33: 265-277.
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6.2. Introduction

Serotonin (5-hydroxytryptamine, 5-HT) and dopamiiBA) are two
monoamine neurotransmitters that occur in the badimll vertebrates. Among the
functions of these monoamines that have been studiefish, can be mentioned
locomotor control (Fingerman, 1976; Gematal, 1984; Winberg and Nilsson, 1992:
Winberg et al, 1993b), feeding (Smith, 1984), central controlhafrmone release
(Changet al, 1985; Van der Kraakt al, 1986, Olivereawt al, 1987; Somozat al,
1988), and modulation of social behaviour (Winbang Nilsson, 1993).

5-HT activity, measured as the quotient of 5-hygnodoleacetic acid
(5-HIAA) and 5-HT, has proven to be highly sengtito different stressors in fish.
Thus, stressful experiences like repetitive net{Mnberget al, 1992a), intra-species
aggression (Winbergt al, 1992b), and predator exposure (Winbetgal, 1993a)
have all been found to cause elevated 5-HIAA/5-Hibt@nts in fish. Although these
findings suggest that the brain 5-HT system in @ebld be of particular interest from
a toxicological point of view, only a few studiespéore the possibility of using the
brain serotonergic system as an indicator of tefiects on the central nervous system
of fish. As most of these studies focus on effe€tsrganic compounds (Thomasal,
1981; Gopalet al, 1985; Rozadogt al, 1991), even fewer experimental studies
assess the effects of metals on the monoamine olistab Katti and Sathyanesan
(1986) found elevated levels of whole brain serwton catfish Clarias batrachuy
exposed to lead, and Webet al. (1991) obtained similar results with fathead
minnows Pimephales promelas

An involvement of the brain in copper toxicity siggested by previous
studies. Thus, exposure of brook trdsélvelinus fontinaligDrummondet al, 1973),
rainbow trout,Salmo gairdneriLett et al, 1976), and common car@yprinus carpio
(De Boecket al, 1995, see chapter 1V), to sublethal levels of pawpresults in

changed locomotor activity and depressed food entak
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The aim of the present study was to correlateetledicts of sublethal copper
exposure with changes in the levels of 5-HT, 5-HI&Ad DA, as well as with

5-HIAA/5-HT ratios in the brain of common carp.

6.3. Materialsand methods

6.3.1. Animal holding and copper exposure

Juvenile (1 month old) common cai@yprinus carpig were obtained from
the fish hatchery at the Agricultural UniversityWWageningen, The Netherlands. They
were grown at the University of Antwerp at the oml temperature of 25°C
(Guderley and Blier, 1988) in softened Antwerp ddp water (Ca 35 mg') Mg 3.5
mg I, pH 7.0-8.0). Water was filtered with a trickliriffer and water quality was
checked weekly with Visicolor Test Kits (Macherewdel, Diren) for ammonia,
nitrite and nitrate. 50% of the water was renewéemvlevels exceeded 0.1 my 1.0
mg I'* or 20 mg 1 respectively.

Two weeks before starting the experiments, 32 waighing between 20 and
30 g were transferred into four 150 | aquaria dilith standard moderately hard
water according to Standard Methods (American uHlkealth Association, 1989:
CaSQ.2H,0: 60 mg 1; MgSQ,: 60 mg 1; NaHCQ;: 96 mg 1*; KCl: 4 mg I*; pH:
7.8-8.0). The standard water was well aerated duainleast 24 h before use. During
the first week the temperature in the aquaria waslually adjusted to 20°C (x 1°C)
and the photoperiod was set at a 14 h light, 1Gtk geriod. Carp were fed until
satiation twice a day (1 and 8 h after light perisirted) with 'Pond Sticks'
(Tetrapond, Henckel). Water was filtered with thicl filters filled with activated
charcoal (Calgon Carbon) and Rivalon synthetieffitvadding. Water quality was

checked daily for pH, ammonia, nitrite and nitratel 50% of the water was renewed
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twice a week. Following this procedure levels ofretory products did never exceed
levels mentioned above and pH was 7.7 0.1 fograllps.

Copper was added to the standard moderately hateras a copper nitrate
standard solution (Merck, 1 ¢ ICu(NG;),.2H,0). Charcoal was removed from the
filters before the copper was added. During thst flay of exposure, the copper nitrate
standard solution was slowly dripped in the aquavier a period of 2 h. Starting from
the next day, 75% of the water in the aquaria veagwed twice a week with copper
containing standard water which had been aeratddn@red for at least 24 h after
addition of the copper nitrate standard solutioaclEtime, water of the control group
was renewed in exactly the same way with copper $tandard water. Following this
procedure, the addition of 1, 2 on4inol of copper per liter water resulted in a rather
constant copper exposure with copper concentrationthe aquaria of 0.22+0.07,
0.34+0.12 and 0.84+0.3uM respectively (means xS.D.). Samples for copper
measurements were taken 5 times a week and copgEsurements were performed
using graphite furnace atomic absorption spectragrhetry (Perkin EImer AAS 703
and HGA 500).

A second group of carp were copper exposed insdmee way in order to
analyse blood lactate levels and determine coppewnaulation in the brain, muscle
and liver. Copper concentrations in the aquarianguthis exposure experiment were
0.20£0.08, 0.55£0.15 and 0.80+0.3®1 respectively (meanstS.D.).
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6.3.2. Sampling of tissue

At the day the brain tissue was sampled, fish weitefed because sampling
started at their normal feeding time (1 h aftehtigeriod started). Each fish was killed
by decapitation. The brain (excluding the olfactbrybs) was rapidly removed and
dissected into 3 parts, viz. telencephalon, hygathas and brain stem (i.e. the
remaining parts of the brain). Mean weights of eéchin region: telencephalon:
0.0236+£0.0025 g; hypothalamus: 0.0244+0.0030 gjnbstem: 0.1935+0.0141 ¢
(means £S.D.). The brain regions were frozen imidignitrogen within 1 min of
decapitation (telencephalon within 10 s) and state@0°C.

In the second exposure group, fish were rapidgeathetised (MS222) and
blood plasma samples were taken by caudal puncterdgrifuged immediately and
plasma was frozen (-80°C). For the copper accummlaneasurements, brain parts
and additional pieces of muscle and liver tissueewdissected. Weights of the
different tissues were: telencephalon: 0.0222+®0§2hypothalamus: 0.0222+0.0025
g; brain stem: 0.1555+0.0162 g; muscle: 0.1171#8608 and liver 0.0711+0.0195 ¢
(means £S.D.).

6.3.3. HPLC-assay of monoamines and their metadsolit

After being weighed, the frozen brain samples veer@cated or homogenized
at 0°Cin 0.2 - 1.2 ml of 4 % (w/v) ice-cold peraht acid containing 2 mg/ml EDTA,
0.5 mg/ml sodium bisulphite and 40 ng/ml epininedxlyepinephrine, the internal
standard) using an MSE 100 W Ultrasonic Disintegraffor telencephalon and
hypothalamus) or a Potter-Elvehjem homogenizer fi@n stem). The amount of
monoamines present in 1Qd aliquots of the supernatants obtained after ¢entr
fugation (14 000 g for 10 min at 4°C) were quaatifiusing reversed-phase ion-pair

HPLC (high performance liquid chromatography) welectrochemical detection as
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described by Nilsson, 1989a. In short, the HPLGesysconsisted of a 6000 A solvent
delivery system and a U6K injector (both from Wate&kssociates Inc., Milford,
Massachusetts, USA), a reversed phase column (#25xnm, Nucleosil 120, C18, 3
um, from Macherey-Nagel, Duren, Germany) kept atCj0and a LC-3 electro-
chemical detector with a glassy carbon working tetele, which was set at +750 mV
vs. an Ag/AgCI reference electrode (all from Bidgtieal Systems, West Lafayette,
Indiana, USA). The flow rate was 1.1 ml/min and thebile phase consisted of 100
mM NaH,PQ,, 0.2 mM EDTA, 0.63 mM sodium octylsulphate, and%® (v/v)
methanol, pH 3.6. Monoamines, their metabolites @pihine used for HPLC
standards were obtained from Sigma Chemicals (&tfisl. MO, U.S.A)).

The monoamine contents are given in relation ® wet weights of the

tissues.

6.3.4. Measurements of adenosine phosphates ataldac

The levels of ATP, ADP and AMP in the supernatam&e analyzed using
HPLC with spectrophotometric detection as descrimean der Booret al. (1992).
The HPLC system consisted of an LDC Consta Meltipdmp, an LDC/TSP Spectro
Monitor 4100, and a reversed phase column (4 xra@f Nucleosil C18, 3im). The
mobile phase consisted of 100 mM N&€,, 10% acetonitrile, and 5 mM tetrabutyl
ammonium bromide (pH set to 6.0 with NaOH).

Lactate in brain was analyzed with Boehringer Msim Lactic acid kit (Cat.
No. 139 084). Lactate levels were only analyzedbmin stem samples. After
analysing monoamine levels and adenosine phospltagesliquots remaining of the
telencephalon and hypothalamus extracts were td smalow lactate measurements.
Lactate measurements in blood plasma were perfousied a Sigma Lactate Reagent
kit (Cat. No. 735-10).
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6.3.5. Copper measurements in tissue

All measurements were performed with graphite daenatomic absorption
spectrophotometry (Perkin EImer AAS 703 and HGA)S56®r copper measurements
in brain, liver and muscle, tissue samples wereghed and 250 ml of nitric acid
(67%) was added to each sample. Samples weretleftoen temperature overnight
and microwaved in a closed box for further destamc{5 minutes at 140, 210, 280
and 350 W with 5 minute intervals). Samples weraghed again to calculate
evaporation and 1 ml of MQ water was added. Lsemnples were diluted up to 20

times when necessary.

6.3.6. Statistics

All values are given as means +S.D. Statisticeevparformed with GraphPad
InStat, using one-way analysis of variance (ANOMA)lowed by Tukey-Kramer

multiple comparisons test if significant differesagere found.

6.4. Results

Significant copper accumulation could only be degd in the liver (Table
6.1.). In the different brain parts and muscle, significant increase in copper
concentration was found.

Brain 5-HT concentrations showed a clear dose ribigpe decrease in
telencephalon (Fig. 6.1.), the drop in the 5-HTelekeing significant, even at the
lowest copper concentration (0.2@81, P<0.05). At a copper concentration of 0.34
MM, the level of 5-HT had dropped by 27% and wasificantly lower compared to
controls (P<0.001) and to the lowest exposure g{&¥®.05). At the highest exposure
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Table 6.1. Copper concentrations in different brpanrts, liver and muscle tissue and plasma lacthteommon carp after one week of exposure

to different copper concentrations. Values are nseamd S.D. from 8 individuals for each exposuraugrff: P<0.05; **: P<0.01; ***:

P<0.001).
0 uMm 0.20puM 0.55uM 0.80uM

Cu telencephaloru/g) 1.24 (+0.26) 1.33 (+0.23) 1.39 (x0.12) 1.42 (x0.27)
Cu hypothalamusug/g) 1.84 (+0.23) 1.88 (¢0.19) 1.96 (+0.23) 2.12 (+0.18)
Cu brain stemy(g/g) 1.63 (x0.24) 1.71 (x0.18) 1.71 (¥0.12) 1.80 (+0.03)
Cu liver (ug/g) 18.94 (+5.38) 25.42 (+6.65) 24.06 (+3.99) 38.85.055 "
Cu muscle |ig/g) 0.48 (x0.11) 0.39 (x0.10) 0.42 (x0.08) 0.38 (x0.10)
Plasma lactate (mM) 2.88 (+0.35) 3.92 (+1.25) 44120 5.26 (+1.53)
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concentration (0.841M), 5-HT levels had fallen by 48% compared to colstrand
were significantly lower than 5-HT levels in all her groups (P<0.001). In
hypothalamus and brain stem, a significant decregaSeHT levels was found only at
the highest copper concentration (for hypothalan®s0.05 compared to control,
P<0.001 compared to lowest exposure group, P<Odipared to the median
exposure group; for brain stem: P<0.001 comparecotdrols and lowest exposure
group).

For 5-HIAA, no significant differences were fourmbtween the different
exposure groups. As a result, 5-HIAA/5-HT ratios tilencephalon were higher in the
group exposed to 0.34M of copper (P<0.001 compared to controls, P<Od¥5mared
to 0.22uM of copper) as well as in the group exposed td Q4 of copper (P<0.001
compared to controls and lowest exposure groupo Ah hypothalamus and brain
stem, significant rises in 5-HIAA/5-HT ratio coul# observed in the group exposed
to the highest copper concentration (for hypothalsini<0.05 compared to controls
and lowest exposure group; for brain stem: P<Odipared to controls and lowest
exposure group, P<0.05 compared to the median axpgsoup).

As for 5-HT, the levels of DA in the telencephakeemed to show a dose
dependent response to copper exposure, falling,b¥68and 48% respectively at
copper exposure concentrations of 0.22, 0.34 a®d (QAM, the last one being
significantly different from controls (P<0.001). lbmain stem, the same tendency could
be observed, with a 45% decrease in the group erpdos the highest copper
concentration (P<0.001 compared to all other grpups hypothalamus, the effect of
copper exposure was less clear. As the DA levéhéncontrol group was rather low,
the decrease in DA concentration in the high exposgroup was significantly
different only from the lowest (P<0.001) and thedmea (P<0.01) exposure groups.
The DA metabolites homovanillic acid and dihydrokgpylacetic acid, which could

be detected with the HPLC-system used, were foor toelow the detection limit
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(ca 10 ng.d). Only in brain stem, small peaks indicating theesence of
dihydroxyphenylacetic acid could be observed indm@matograms of some fish.

The ATP levels presently measured (Fig. 6.2.) vearelar to theca. 1.2 mM
found in thein situ frozen goldfish whole brain, a tissue where thePACbncentration
remains stable at room temperature for 30 min afemapitation (McDougatt al,
1968). Although the common carp brain is probalkdy &as ischemia tolerant as its
relative, the goldfish, it is unlikely that the B0s that presently elapsed between
decapitation and freezing significantly affectece tIATP levels. No significant
differences were found in AMP, ADP, ATP or totaleagllate phosphate levels,
although a tendency to higher AMP and lower ATPelsvcould be observed in
telencephalon and hypothalamus at the highest copmposure concentration.
Consequently, the adenylate energy charge (AEGystmo significant differences in
any of the brain parts.

As for the ATP levels, the lactate levels measunethe brain stem samples
(Fig. 6.2.) were similar to those measured by Mafzbet al. (1968) in goldfish brain
(ca 5 mM) frozenn situ. In the present study no significant differenaeshie lactate
levels were found between the different exposuoaigs. In plasma samples, lactate
significantly increased in a dose dependent wayblel'd) with P<0.05 for carp
exposed to 0.5%M of copper and P<0.01 for fish exposed to O8d of copper

during one week.

6.5. Discussion

The present experiments show that exposure of @ymearp to copper
causes considerable changes in monoamine levelgfénent brain parts. Moreover,
the decrease of 5-HT and DA in telencephalon agpoketar be dose dependent, with up

to 50% of loss of these neurotransmitters at thbdst copper concentration. Whereas
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Munkittrick et al. (1990) found no significant effects of habitat &/ of copper
between 0.19 and 0.2¢M combined with levels of zinc between 3.20 and/31B1 on
whole brain monoamine levels in the white suck@atpstomus commersdniour
study revealed a significant decrease in telendepbaHT in common carp at a
copper concentration of 0.28M. However, it should be noted that Munkittriek al.
(1990) obtained their results by comparing fismfrdifferent lakes. In such a study it
is likely that many more factors than the Cu andcéncentrations differed between
the lakes, and acclimation or even selection catflett the results.

Previous studies (see Introduction) on the effettdifferent stressors
(repetitive netting, exposure to intra-species aggjon, and predator exposure) on the
5-HT system in fish brain, have generally indicathdt stress induces increases in
5-HIAA/5-HT ratios primarily because of increasedHBAA levels. Since 5-HIAA is
the main 5-HT metabolite in brain, the increasedIBA/5-HT ratios were taken as
evidence for increased activities in the brain 54y§tems (see Winberg and Nilsson,
1993 for review).

By contrast, in the present experiments with cogp@osure, the increased 5-
HIAA/5-HT ratios appeared mainly to be caused Hisfm the 5-HT levels. This is
more likely to reflect a reduced 5-HT synthesiseraather than increased 5-HT
turnover. Weber and Spieler (1994) consider seve@mdsible neurobiological
mechanisms of metal neurotoxicity in fish. Thesdude presynaptic effects on neural
transmission and effects on synaptic cleft enzyrogvity as well as effects on
postsynaptic receptor mechanisms. In this casdregtdnterference by copper on
these neurobiological processes seems unlikelyesime found little or no copper
accumulation in any of the brain parts at the déffé copper exposure concentrations.
Even after 1 month of exposure, no significant @pgccumulation had occurred in
the brain (results not shown). Nemcsilal. (1987) found low levels of copper uptake
in the brain of common carp, but at considerabighéi copper exposure levels (6.26
to 626uM). They suggested that the low uptake was caugdlebeffectiveness of the

blood-brain barrier. At similar levels of exposurg¢hey also found lower
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acetylcholinesterase activity in different tissues;luding the brain, which could

affect metabolism, blood circulation etc. (Nemcsobll, 1984). But again, for brain, a

remarkable difference occurred betweerrnvivo andin vitro activity measurements,

suggesting that the brain was well protected framper intrusion. Therefore, we feel
that at the much lower copper exposure concentiatised in our experiments, other
factors must underlie the observed falls in monoanevels.

In mammals, relatively mild hypoxia has proven decrease tryptophan
hydroxylation, the rate-limiting step in 5-HT sya#is (Brownet al, 1974; Katz,
1981; Prioux-Guyonneaet al, 1982; Freemast al, 1986). Copper is known to cause
gill damage in fish (Baker, 1969; Bilinski and Jenda973) and in a recent study on
common carp (De Boeckt al, 1995, see chapter IV), exposure to copper at a
concentration of 0.34M was found to cause a significant increase in c¢hecal
oxygen concentration for oxygen consumption, inghgathat the ability to take up
oxygen from the water had been compromised. Unfiaiely, the small size of the
carp did not allow the catheterisation necessarydbable blood B, measurements,
so hypoxia could not be confirmed directly. Howeube dose-dependent increase in
blood lactate concentration presently observechéurconfirms the hypoxic state of
the animals. The fact that no significant changesvobserved in brain ATP or lactate
level does not imply that the brain was totallytpoded from hypoxia, a mild form of
hypoxia could still have occurred. Daws al. (1973) proved for rat brain that ATP,
ADP and AMP levels were stable when arterigh RRmained above 30 mm Hg and
lactate levels remained constant at g Rbove 40 mm Hg while tryptophan
hydroxylase activity was already inhibited at braxygen levels of 60 mm Hg.

It is possible that also the reduction in DA levelas caused by mild hypoxia,
since DA is, much like 5-HT, produced in an oxygeéependent hydroxylation
reaction. In mammals, no uniform response of DAlsvo hypoxia has been observed
(Davis and Carlsson, 1973; Prioux-Guyonnetal, 1979; Kunoet al, 1981; Dalmaz
et al, 1988). Nilsson (1989b, 1990a) found that in aaatarp Carassius carassiyis

anoxia causes a fall in DA levels. However, in casit to common carp, the crucian
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carp is an extremely anoxia tolerant species, 8g lperiods (days) of total anoxia
were needed to cause substantial falls in the IDAievels in this species.

Although monoamine oxidase is also an oxygen d#g@nenzyme, no
differences were found in concentrations of 5-HIAZauilotet al. (1988) studied the
effect of three different diets (commercial, vegj@iad animal) on brain monoamines
in rainbow trout under normoxia and mild hypoxi®¥6 air saturation). Their results
showed no effects of hypoxia on 5-HIAA levels insaeecephalon and telencephalon,
although for fish fed the commercial diet a slight%) decrease in 5-HIAA was
found in hypothalamus during hypoxia. In the samedyy 5-HT was stable in
hypothalamus and telencephalon, but showed a 25&teake in mesencephalon
during hypoxia exposure.

Interestingly, the data suggest that there areomed differences in the
sensitivity of the brain monoaminergic systemsdpper exposure, the hypothalamus
being less sensitive than the telencephalon. Tiusjgnificant changes were seen in
the hypothalamic DA levels, and with regard to higaéamic 5-HT, a significant fall
was only seen in carp exposed to the highest coppecentration. One possible
explanation to these differences in sensitivity Idobe that they reflect regional
differences in the turnover of these monoamindieéncarp brain, which, for example,
could make regions with slower turnover rates lssssitive to a fall in oxygen
availability. In experiments on crucian carp, mehan 10-fold differences in 5-HT
turnover rates between brain regions have beendfdidisson, 1990b), although
hypothalamus was not specifically examined in tadly.

Apart from the apparent usefulness of the 5-HIAR/b ratio or the 5-HT
concentration as indicators of copper toxicity, thi in the 5-HT level could have
important physiological effects and contribute tee ttoxicity of copper. Copper
exposed fish generally show a loss of appetite i@iedestingly, the brain serotonergic
system has been connected to feeding. In rainbowt,ttreatment with the 5-HT
synthesis inhibitor p-chlorophenylalanine has beemd to cause reduced food intake
(Johnstonet al, 1992). Similarly, the fall in DA levels presentgeen could be
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involved in the symptoms of impaired locomotor e¢ohtand equilibrium problems
often displayed by fish exposed to high doses @ipeo. In fish, the role of DA in
locomotor control has been indicated in a studyostic charr (Winberg and Nilsson,
1992).

It is interesting to note that the 5-HT levelstalencephalon appeared to be
more sensitive to copper than those in other lpanms. A lot of work has been done
on the organisation of monoamine neuronal systenish (see Parent, 1984; Meek,
1994 for review) but the knowledge on the speddaalisation of various monoamine
neurotransmitter functions is still limited. In theg behaviour, lateral hypothalamus
and telencephalon appear to be important contgpolliegions (Peter, 1979) and also
Smith (1984) mentions 5-HT in telencephalon asafrtbe regulators of feeding.

In conclusion, copper exposure of common carpesdscreases in 5-HT and
DA levels, two neurotransmitters involved in a n@anlof physiological processes,
including feeding behaviour and locomotor controffish. In fact, falls in the 5-HT
concentration of the telencephalon occurred alresdy copper concentration below

that where food intake and movement were impaired.
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CHAPTER VII: GENERAL CONCLUSION

7.1. Introduction

Trace metals, such as copper, iron and zinc, acpired for normal
physiological functions in animals, but only atcegaconcentrations. When these metals
are present in sufficiently high concentrations beer, they will alter physiological
functions and display a range of toxic effectslod exposure concentrations, or short
periods of exposure, the normal homeostatic meshaniof the organism might still
be able to cope, and no damage will be sustaineih Vkcreasing exposure
concentrations or durations, initially reversiblaypiological changes may lead to
irreversible modifications and subsequently impaintnof physiological functions.
Typically, the disturbances caused by metal exmoswe characterised by an initial
‘shock’ phase of fairly short duration where thstdibances develop fairly rapidly,
and a longer-term ‘recovery’ phase where the distuces diminish gradually. The
organism may, in some instances, fully recovehadontinued presence of the metal,
but more usually it reaches a new physiologicadyestate.

The present study examined the effects of differeablethal copper
concentrations on the physiology of the common ,c&pprinus carpio When
considering the biochemical functioning of orgarssroopper is essential to several
processes. It is an essential part in differenyeres and it is important in formation of
bone and brain tissue. Thus, low levels of copptakie are elementary to vertebrate
physiology. When environmental copper levels inseebeyond the normal levels in
an aquatic ecosystem, the metal becomes toxicetadlifferent species inhabiting that
ecosystem, and the disruptive effects of the haaeyal become apparent. Indeed,
copper appears to be a very puissant toxicant wgregsent in excessive amounts.
When examining the effects of copper exposure erpttysiology of an organism, it is
important to consider physiological processes dfemint levels of biological

organisation. When environmental changes affecorganism on the cellular level,
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this will also reflect in organ functioning, whit¢hen can cause changes at hormonal

or neural level and alter the total physiology loé torganism. If a pollutant affects

sensory organs, this may change release of nensotitiers, which might then reflect
in a different hormonal control of organ and cellulunctioning. In this process, each
level of biological organisation offers unique pis and insights and finds its
explanation of mechanism in the levels below, amdignificance in the levels above.

The aims of the presented research were twofdldo Istudy the effects of
sublethal concentrations of copper on the physiploigthe common cargCyprinus
carpio, at different levels of biological organisatiomda?) to evaluate the possibility
to employ the changes in these different physiclalgiprocesses as sensitive
biomarkers for sublethal stress. To assess thegelsaimat occur in the physiology of
the common carp under sublethal copper exposuue skries of experimental studies
were conducted, studying the following processeswth, capacity for protein
synthesis, use of energy stores, total aerobicbobsm, relative protein catabolism,
use of phosphorous compounds during rest and afterdditional mild exercise, and
changes in neurotransmitters involved in hormooatrol.

1. In a first series of experiments, food consumpaoa growth, capacity for protein
synthesis and the use of energy stores were adsé€as®vth is a classic biomarker,
which obviously reflects the fitness of an organisin these studies, food
consumption and growth of common carp exposed fi@reint sublethal copper
concentrations have been determined over a 28 el&ydpas a standard to evaluate
the usefulness of the other measurements as biersafkrotein is a major component
of an organisms body mass, and RNA is necessaryhtorsynthesis of protein.
Consequently, a positive relationship between treentration of RNA and the rate
of protein synthesis has been demonstrated in meggnisms. Typically, maximum
RNA/DNA ratios occur during peaks of protein protioic. Based on these
observations, protein, RNA and DNA relationshipsvéhébeen suggested as a
promising biomarker of reduced growth. Besidesg@mtRNA and DNA also lipid

and glycogen were quantified to determine the eedogs energy stores of the
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organism. Finally, also body residues of coppereweeasured in different tissues.
When studying the effects of copper exposure ororg@anism, it is indeed more
important to consider the amount of copper whictuawlates in the organism then
the concentration of the metal in the water whicasdnot reflect the availability of the
metal to the organism.

. In the second series of experiments, total aerof®@tabolism and relative protein
catabolism were assessed by measuring oxygen cptisnmand ammonia excretion
rates, and by determining the ratio between the @manexcreted and the oxygen
consumed (ammonia quotient (AQ): mole to mole rafoammonia excreted to
oxygen consumed). The use of the AQ is based onptmziples: 1) the oxygen
consumption is a measure of the total amount afggrtbat has been used, and 2) the
excretion of nitrogen, in carp excreted mainly asnenia, is a measure for the
amount of proteins that has been used to provideetiergy. The ratio between these
two processes should therefore represent theuwelase of proteins compared to
lipids and carbohydrates. In fish, stored glycogem especially lipids are the
preferred substrate, but when these are depletedialexercise or stress, muscle
protein becomes the main energy source, which dhbein be reflected in the AQ.
Also the critical oxygen concentration £Clowest oxygen concentration at which
regulation of oxygen consumption still occurs) wdasermined for carp exposed to
the different copper concentrations. Thisdbves an indication of the capacity of
the fish to regulate their oxygen consumption, #merefore of their resistance
against low ambient oxygen concentrations or eges;i as burst swimming
activities when escaping a predator.

. In a third series of experiments, the use of phospls compounds during rest and
after an additional mild exercise were assessauddnns ofn vivo phosphor nuclear
magnetic resonance spectroscopl-NMRS). The technique GfP-NMRS allows
simultaneous and continuous measurement of theppbosus compounds involved
in the energy metabolism of a living organism. iBihf the main phosphorous energy
reserve is phosphocreatine. When ATP gets depletedphocreatine is converted by
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creatine kinase into creatine in order to restoeeATP content. During this process,
inorganic phosphate increases in the fish muscle {d ATP breakdown), while the
phosphocreatine content slowly decreases. Using *#ReNMRS technique,
concentrations of inorganic phosphate),(Bhosphocreatine (f and ATP can be
monitored in time in a non invasive way. Furthereyahifts in intracellular pH (pH
caused by lactate accumulation, can be determined.

4.1In a fourh series of experiments, changes in thenaamine neurotransmitters
serotonin and dopamine were assessed. Monoamineegions compose a very
small fraction of the neurons in the vertebrateirprbut the influence of these
monoaminergic neurons on their target sites appeays far beyond their numbers.
The monoamine neurotransmitters appear to be iadolvm behavioral patterns
(including aggression, mating, feeding and stresctions) as well as in central
regulation of autonomic and neuroendocrine funstion fish, relationships between
the monoamine brain neurotransmitters and sociak, raggression, food intake,
locomotor activity, and stress have been foundailmenids. In our research, the
effects of copper exposure on the content andigctf’ the catacholamine dopamine

and the indoleamine serotonin were studied.

7.2. Results

The adverse effects of the copper exposure west alwvious from conducting
the growth experiments: fish became apathetic &owl and carp exposed to the two
highest copper concentrations (0.55 and 0.80 puMppmkd in weight during the first
three weeks of exposure. Although food consumptiothe lowest exposure group
(0.20 pM) was significantly increased, growth wast. nAt the highest copper
concentration, food consumption was significantwéred. These effects were most
prominent during the first week of exposure, whpmusome form of acclimation and
repair occurred. In a ‘traditional’ stress resporibe release of catecholamines and

cortisol triggers a broad suite of biochemical gpltysiological changes known
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collectively as secondary stress responses. Theabwlet effects may include
hyperglycemia, depletion of glycogen tissue reseraad increased catabolism of
muscle protein. This is exactly what we see inrttuscle tissue of the copper exposed
fish. During the first three weeks the glycogenrestavas depleted (significant
decreases at the two highest copper exposure doattens), whereupon recovery of
the glycogen level occured. At that moment, protatabolism appeared to take over
the role of energy source (significant decreasethattwo highest copper exposure
concentrations during the fourth week). In livesstie, glycogen concentrations at the
highest copper concentration increased, probably aefence mechanism against
hypoxic effects. Possibly, this increased level giffcogen is partly due to
redistribution from muscle glycogen. No differencedfkNA levels were found, while
DNA levels in muscle tissue were elevated after omenth of copper exposure.
Copper accumulation appeared mainly in liver tissioe in brain and muscle tissue.

In the experiments conducted to determine the amanguotient, a clear drop
in oxygen consumption was observed, starting imatet}i after exposure to the two
highest copper concentrations (0.34 and 0.84 pMjlenammonia excretion did not
differ significantly. While at 0.34 uM of copper, slight recovery in oxygen
consumption was seen after 1 week of exposure,enovery was observed at the
highest copper exposure concentration, not evesr &tweeks of exposure. This
means that, although total protein utilization remed stable (which agrees with the
stable levels of protein in muscle and liver tisdueing the first week of exposure), a
relative larger part of aerobic metabolism wasilaited to the protein utilisation
during this first week of exposure (elevated A@g\Ming less aerobic capacity for lipid
or glycogen utilisation. Since lipid levels alson@ned stable, and glycogen levels in
muscle tissue already started to fall (although yattsignificant), one could suggest
that the metabolism should have been partly anaerdhis suggestion is strengthened
by the fact that increased levels of plasma lactate found (see chapter VI).

The critical oxygen concentration for oxygen cangtion shifted from 1.4 mg

It in copper free water to 3.9 mg &t 0.34 pM of copper. Therefore, regulation of
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oxygen consumption is compromised at oxygen conatons that could occur in the
natural habitat of the carp which obviously cowddpardise their chance of survival.
At the highest copper concentration all regulatidnoxygen consumption was lost,
even at normoxic oxygen concentrations. Surprigingllso ammonia excretion
showed a € This phenomenon has never been observed in &é&brdo The € for
ammonia excretion was comparable to théd€ oxygen consumption, indicating that,
at low oxygen concentrations, protein catabolisrolasely related to the amount of
oxygen available to the fish and other fuels ardisal when ambient oxygen
concentrations get to low. Also the ©r ammonia excretion dissapeared when fish
were exposed to copper, thus when fish are exptsetbpper and low ambient
oxygen concentrations at the same time, they cexjp@rience extra difficulties if they
are no longer able to regulate their use of pretagan energy source.

In vivo *P-NMRS allows simultaneous and continuous measuresmaf the
phosphorous compounds involved in the energy mésab@s wellas measurement of
the intracellular pH. Inorganic phosphate;)(Pohosphocreatine ¢ and three
phosphorous resonances of the nucleoside phospteatdse monitored as a function
of time in a non-invasive way, allowing us to fallahe recovery of carp from an
additional exercise when exposed to different cogpacentrations. When carp were
exposed to a mild exercise, the energy metabolslateral muscle in unexposed fish
recovered very fast from the exercise, whereasvergadn copper exposed carp (0.36
or 1.31 uM of copper) was not complete or abseminduthe first hours after the
exercise. After one week of continuous exposusd éxposed to 0.36 UM of copper
seemed to have acclimated considerably to the cofjsp recovered completely
after the exercise during the monitoring period] anly in the R/P, ratio a slower
recovery could be observed compared to control groAt the highest copper
concentration, levels ofLas well as of Pwere unstable and the- /P, ratio was
already significantly lowered before the exercislso pH was significantly lower in
this group, indicating lactate accumulation evefoteethe hypoxic exercise started.

Fish did recover slowly from the exercise at thighhcopper concentration, bug AP,
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ratios and pHremained lower than levels in the control grougclimation of this
group therefore was only partial.

When measuring the levels of the monoamine neamsinitters in the brain,
dose dependent falls in the levels of serotonin domhmine occurred after one week
of exposure. These lower levels of dopamine andtgein were already found at the
lowest copper concentration, with close to 50%dess these neurotransmitters at the
highest copper concentration. Interestingly, thesarotransmitters are involved in

feeding and locomotor control in fish, two actiggithat decline after copper exposure.

7.3. Conclusion

Exposing common carp to sublethal copper concemiclearly affects these
organisms. A lower metabolism (reduced oxygen conion) and reduced food
consumption (possibly caused by lower serotonielBwesulted in a reduced growth
rate. Results obtained B NMRS measurements and the higherirlicate that
oxygen uptake and resistance against hypoxia apajdised, which reduces chances
for survival. A reduction in energy stores (glycogend proteins) and an unstable
energy metabolism*P NMRS measurements) also leads to reduced fitaads
survival rate. The decrease in dopamine could é@xpilae reduced activity and
mobility, which also reduces chances for survivahatural circumstances. Either of
these effects (summarised in figure 7.1.) by itselild be lethal to an individual in
nature, and consequences for populations and deosysare to be expected when

copper concentrations exceed the lowest copperecdration tested here.

163



Chapter 7

5-HTI, #h —® DA
\ied( \\;:tivity/@ !}
N /;I

metabolism {} ~—pp- resistance

v '

GROWTH RATEY|  [SURVIVAL RATE T ]

Figure 7.1. An overview of the cascade of negatixants observed during copper exposure in
common carp, Cyprinus carpio, and possible intatiehships between these

events.

Nonetheless, fish seem to be able to escape fisnedscade of negative effects
after a first shock phase, since a slow procesedimation and (partial) recovery and
repair appears to occur after the first week. Tnscess could be due to different
factors: 1) alterations in the barrier propertieshe exchange surfaces, 2) an increase
in storage and detoxification capacities once thetaimhas entered the fish, 3) an
increase in the resistance of metal sensitive gg&Eelike ion transport mechanisms.
Further research to elucidate the roles of theBerdnt acclimation processes could
provide important information concerning the apiliof fish to handle copper
intoxication.

The most sensitive indicator was the responsehatneurotransmitter level
(serotonin and dopamine), where significant charglesady occurred at a copper
concentration of 0.22 uM. These results however, ardy be explained if additional

information is available, and the high sensitiwaythe indicator makes it susceptible
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to other small disturbances which can only be aaidinder control laboratory
conditions. Measurements of oxygen consumption AQW together with the*P
NMRS measurements gave an indication of a disruptestgy metabolism starting
from a copper concentration of 0.34 uM, the samgpeo concentration at which
growth was significantly reduced and significanpger accumulation occured. Both
methods also have the advantage of bemgivo procedures which enables us to
monitor the recovery of each individual. Determioat of the RNA/DNA ratio
appeared to be of no value as an indicator of aofpécity, but the determination of
the energy stores of proteins and glycogen suppbkedul additional information.

Compared to salmonids, common carp proved to beqarlly sensitive test
organism when physiological effects of copper expesare considered. Lauren and
McDonald (1985) estimated that for rainbow trout5lpg I' (+ 0.20 pM) can be
considered as a reasonably safe concentration Whd&im and Benoit (1971)
considered 9.5 pg'l(+ 0.15 uM) as a safe concentration for brook tr@uir studies
suggest that a copper concentration of 0.20 pMadtikcts common carp physiology
(increased food demand, decreased levels of sémotortelencephalon) and further
research would be useful to determine a no eféall In early life stages of common
carp, exposure to 0.30 uM of copper appeared wafeat a pH of 7.6, but was toxic
in slightly acid water (pH 6.3). Also in this stydy copper concentration of 0.80 uM
appeared to be highly toxic at both water pH (Stadtet al, 1996). When
considering the official water quality criteria foopper, the Belgian normation (0.47
HM) appears to be far too high to protect organidms the deleterious effects of
copper exposure, while the guidelines used in tBA (0.10 uM) or the Netherlands
(0.05 uM) seem to be more appropriate.

For further research, we would like to concent@tanechanisms that underlie
the processes of adaptation to copper. This caudtude alterations of the barrier
properties of epithelia and changes in the ressstari metal sensitive processes like
ion transport.
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SAMENVATTING

Tijdens de laatste decennia hebben die biologenziih bezig hielden met
waterkwaliteit voortdurend gezocht naar gevoeligdigatoren om de effecten van
stress op aquatische organismen vast te stelleimetliiverleden werd de invloed van
stress in het aquatisch milieu vooral bestudeerdr dbet uitvoeren van
toxiciteitstesten, waarbij mortaliteit (LC50) de pa¢ende factor was. Deze testen
hebben het voordeel dat zij relatief eenvoudig eel siitvoerbaar zijn en dat ze
bruikbaar zijn voor zowel invertebraten als visskeiet criterium waarop men zich
baseert, namelijk mortaliteit, is echter drastisolde duur van de experimenten is kort
(meestal 24, 48 of 96 uur). Voor studies bij visserdt daarom voorkeur gegeven
aan het zoeken naar fysiologische en biochemisutieatoren van sublethale vormen
van stress. Men streeft hierbij naar het identiBoevan korte-termijn responsen die in
direct verband kunnen worden gebracht met de raspan het organisme op lange
termijn (overleving, groei en voortplanting) in 8ehillende stresserende milieus.

Ook vanuit puur fysiologisch opzicht, is het belexen van effecten van
sublethale verontreinigingen in het milieu van dcpehe organismen interessant. De
verontreinigingen vormen immers veranderende nolestandigheden waaraan deze
organismen zich zullen trachten aan te passen. biHiewvorden vaak basis
mechanismen in fysiologische processen blootgelbgdr de fysische, chemische en
biologische omstandigheden in het milieu continvamderen door toedoen van de
mens, is de natuurlijke nieuwsgierigheid naar regrijpen van deze veranderingen
een doel op zich. Op lange termijn kan dit leidenbietere theoretische modellen, wat
de voorspelingen van effecten van milieuverontggngen in de toekomst, evenals de

manier om hiertegen in te grijpen, enkel maar kabeteren.

169



Samenvatting

In het hier voorgestelde onderzoek werd een debbptet voor ogen gesteld:
1) de studie van de fysiologische effecten van ethble koperblootstelling op de
gewone karper,Cyprinus carpiop en 2) de mogelijikheden om de onderzochte
fysiologische processen als een gevoelige indicator sublethale stress te gebruiken.
Hierbij werden in vier reeksen van experimentenndéed van koperblootstelling op
de volgende fysiologische processen bestudeerdti,grapaciteit tot eiwitsynthese,
verbruik van energiereserves, totaal aéroob matabe| relatief eiwit verbruik,
verbruik van energierijke fosfaatverbindingen erameleringen in neurotransmitters in
de hersenen van de karper.

De resultaten van de verschillende studies teoran duidelijk negatief effect
van de koperblootstelling op de fysiologie van agsen aan. De karpers vertoonden
een lethargisch gedrag, en bij blootstelling aanvwiee hoogste koperconcentraties
(0.55 en 0.80 uM) vielen de vissen af tijdens de derste weken van de blootstelling.
Hun behoefte aan voedsel bleek te zijn toegenombonewel de vissen blootgesteld
aan de laagste koperconcentratie (0.20 uM) meet aeganderde hun groei niet, en
de vissen van de groep blootgesteld aan 0.55 puMrkegrioren gewicht terwijl hun
eetlust niet verminderde. De karpers van de hoodgsietstellingsgroep verbruikten
significant minder voedsel tijdens de eerste twe&em van de blootstelling, waarna
hun eetlust herstelde.

De veranderingen in de samenstelling van het \wpifisel sloten aan bij het
‘klassieke’ beeld van reacties op een stressownripselling van de ‘stress hormonen’
adrenaline en cortisol veroorzaken een waaier \eurglaire effecten waaronder
hyperglycemia, verbruik van glycogeen reserves en werhoogde afbraak van
proteinen. Tijdens de eerste drie weken van detdiklbng aan de twee hoogste
koperconcentraties werd in het spierweefsel dan a@dn daling in het
glycogeengehalte waargenomen, waarna de rol vamgien®evoorrading werd
overgenomen door een afbraak van de eiwitten teiveij glycogeengehalte weer
herstelde. Daarentegen vonden we in het leverwleefse stijgend gehalte aan

glycogeen, waarschijnlijk als het gevolg van eerordde koper veroorzaakte
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hypoxische toestand. Er werden geen veranderingernde hoeveelheid RNA
gevonden, en de RNA/DNA ratio bleek dan ook geeredgo indicator voor
veranderingen in groei of eiwitsynthese. Tijdenslakste week werden in de spier
verhoogde gehalten aan DNA gevonden, wat wijstepdichtere samenpakking van
kleinere cellen. Dit zou het gevolg kunnen zijn \aldeling daar de groei van de
vissen ook weer hervatte. Accumulatie van koperdveooral plaats in de lever, en
niet in spier of hersenweefsel.

Als karpers werden blootgesteld aan 0.34 en QuBM koper, daalde hun
zuurstofverbruik onmiddellijk, maar hun stikstofesiie bleef stabiel. Indien de vissen
een week blootgesteld bleven aan deze kopercoatiestrkon bij de karpers
blootgesteld aan 0.34 uM koper reeds een herstal et zuurstofverbruik
waargenomen worden, maar bij de hoogste koperctnatienniet. Dit betekent dat bij
een constant verbruik van eiwitten (wat overeentkoret het stabiele eiwitgehalte in
spier en leverweefsel na een week blootstellingy eclatief groter deel van de
beschikbare zuurstof voor de afbraak van deze temitverd gebruikt. Daar het
vetgehalte stabiel bleef en het glycogeenverbregds begon toe te nemen, vinden we
hier al een eerste aanwijzing dat een deel vammie¢hbolisme anaéroob verliep, een
suggestie die later bevestigd werd door verhoogdatgehalten in het plasma.

Naast een verminderd zuurstofverbruik, en duslager aéroob metabolisme,
werd nog een tweede effect van koper op het afwesbruik waargenomen. De
kritische zuurstofconcentratie, dit is de laagstaurgtofconcentratie in het water
waarbij een organisme zijn zuurstofverbruik nog kagelen, verschoof gevoelig naar
hogere waarden bij blootstelling aan 0.34 uM kopait. betekent dat de karpers
sneller de controle over hun zuurstofverbruik edin, en dit reeds bij
zuurstofgehalten die in het natuurlijk milieu vaezd dieren kunnen voorkomen. Bij
een blootstelling aan 0.84 uM koper bleken de kar@d hun controle over hun
zuurstofverbruik verloren te hebben. Tot onze varaableek ook de stikstofexcretie

een kritische zuurstofconcentratie te vertonen,feanmeen dat tot nu toe nog nooit
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werd waargenomen. Ook deze kritische zuurstofcdrat® bleek gevoelig aan het
effect van koperblootstelling.

In vivo *P Nucleaire Magnetische Resonantie Spectrosc8piNMRS) stelde
ons in staat om de concentraties van energiergk@atverbindingen en intracellulaire
pH in de spier van de karper te volgen tijdens tskedling aan koper. Uit deze
metingen bleek dat de capaciteit van de karpersioeh te herstellen van een lichte
oefening (hypoxie) verloren was gegaan bij acubetskelling aan koper (0.36 en 1.31
KUM). Bij een koperconcentratie van 0.36 UM bleken wissen zich na een week
blootstelling te hebben aangepast, en ze herstelden viot na de oefening. Bij een
koperconcentratie van 1.31 uM was deze aanpassimgreonvolledig, de gehalten
aan energierijke fosfaatverbindingen waren onskade de intracellulaire pH was
continu verlaagd.

Ook de gehalten aan monoamine neurotransmitteososéne en dopamine in
de hersenen van de karpers werden beinvioed dootsklling aan koper, zelfs bij de
laagste koperconcentratie (0.20 uM). Deze neursinéters worden onder meer in
verband gebracht met de controle van voedselopnaméeweeglijkheid, twee

processen die door de blootstelling aan koper wead@getast.

Indien karpers worden blootgesteld aan subletkaperconcentraties, heeft dit
een duidelijk effect op hun fysiologie. Een lagenemiemetabolisme (lager
zuurstofverbruik) en verminderde voedselopname §@hg veroorzaakt door
verlaagde serotonine gehalten) resulteren in eeminderde groei. Zowel uit de
metingen van d&P-NMRS als uit de veranderingen in kritische zuafcgincentratie
blijkt dat de weerstand tegen lage zuurstofcona#ies verminderd is. Dit verminderd
hun overlevingskansen in de natuur. Ook de vermdedenergiereserves (glycogeen
en eiwitten) en een onstabiel energiemetabolisStReNMRS metingen) verkleint hun
overlevingskansen. Bovendien geeft het lagere domamehalte aanleiding tot een
geringere beweeglijkheid, wat de kans dat zij teaop vallen aan een predator

vergroot.

172



Samenvatting

Toch blijken de karpers, indien zij de eerste &ctian de koperblootstelling
zouden overleven, in staat om zich (in beperkteejn@hn een verhoogd kopergehalte
in hun milieu te kunnen aanpassen. Verdere stadierzdan ook op gericht zijn om de

mechanismen die aan de basis van deze adaptgis lig onderzoeken.
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