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Abstract. The effects of Cd and Zn on '"™Ag, “Co and '*'Cs uptake and depuration in the freshwater mussel
Dreissena polymorpha were investigated under laboratory controlled conditions. Differences at the whole body level
were identified between groups exposed to radionuclides alone or to radionuclides and metals under different
conditions (Cd or Zn alone or a mixture of Cd and Zn). The accumulation of *Co was reduced in the presence of
Zn, at the whole organism level and in the soft body. On the opposite, '**Cs increased in the presence of Cd or Zn.
Finally, "'""Ag uptake decreased in the presence of both metals in the whole organism but increased in the soft
tissues. Two hypotheses related to the major mechanisms governing the influence of metals on radionuclides were
tested. First, the uptake was hypothesised to be directly related to the filtration rate, which has been shown to
decrease with increasing zinc concentrations. On the other hand, whole organism zinc regulation mechanisms may
include the radioactive pollutant as well. None of these two hypotheses could be validated. Consequently, further
explanations were provided to link metal exposure to the radionuclide uptake by the bivalves.

IINTRODUCTION

The radioecological assessment concerning radioisotopes present in low-level radioactive liquid effluents
released by nuclear power plants during normal operating conditions has been an object of recent
mensive research . Most of this research has been focused on the accumulation levels and biological
halflives of individual radionuclides by various biological models. The rationale was that performing
eiperiments in standard controlled conditions enhances reproducibility and allows a better understanding
of the complexity of the involved biological and chemical processes. Such procedures are a vital step for
the assessment of radionuclide impact on aquatic organisms. Nonetheless, in the liquid effluents,
rdionuclides are present as mixtures; for example, 8 gamma emitting radionuclides (except tritium) have
been identified in the case of Pressurised Water Reactors. Moreover, the radionuclides are not only
ieleased as mixtures but, in the receiving waters, many other organic or metallic micropollutants may be
present at significant concentrations.

Following measurements performed on biota near Handford reactor or. after nuclear testings in the
PaCiﬁC, showing high 8Zn concentrations in fish, a few number of studies were conducted to evaluate the
}llﬂ}lence of Zn and Cd on *°Zn uptake by fish. Results were contradictory. Merlini et al. [1] found an
hibition of 975 uptake by perch with 40 ug/L of cadmium, while Pally and Foulquier [2] showed that
the concentration factor of %*Zn in Anguilla anguilla was doubled when Cd concentrations were increased
fiom 18 to 50 ng/L. For the same species, they observed that **Zn transfer decreased by a factor of 2 to 3
”}the presence of 7.6 mg/L of stable Zn [3]. However, a detailed interpretation of these results is difficult
*n¢¢ the stable Cd and Zn concentrations used were not representative of environmental conditions and
Were well above the guideline standards for surface water quality intended for the production of drinking
"t (68 1 ug Cd/L and 500 pg Zn/L in France). Recently, only the work of Sugg ef al. [4, 5] and Jagoe
fflfl‘ [6] have focused on in situ measurements of stable metals (Hg, Pb) and radioactive pollutants
tCs) in fish in the cooling pond of the Chernobyl power plant without, however, seeking to elucidate
y possible interactions.

Chronlec]e study presented in this paper aims at evaluating t.he possiblfz i_nﬂqence of cadmium and Tm(f;‘
radioact'Wat.erbome exposures on the kinetics of accumulation anfi elimination by the ze;bra mussel }(:
hynoth Ve 1sotopes of Co, Cs and Ag, all of major radioecological importance. This work is based on the
Wothesis that beyond a certain ecotoxicological dose (medium concentration and exposure duration),
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exposure to various pollutants induces physiological disruptions that subsequently generate alteraf;;
the uptake characteristics of radionuclides by the organism. The zebra mussel (Dreissena Polymorgy
was chosen as a biological model because it has been extensively used in biomonitoring prograns g
ecotoxicological studies. Moreover, given the high population densities often encountered (ranging fy
hundreds to thousands of individuals/m?), the zebra mussel can represent an important roy i
radionuclide trophic transfer to fish with pharyngeal teeth capable of crushing molluscs shells, as b
or roach [7]. It must be underlined that the accuracy of the radionuclide transfer kinetic rates is of i
importance for that species because of its current use as a bioindicator of radioactive contaminy
within biomonitoring programs.

2 MATERIAL AND METHODS

2.1 Experimental procedures

Dreissena polymorpha were obtained from Lake Geneva (Haute-Savoie, France). The average wel e
and length of the mussels were 1.44 + 0.31 g and 2.25 + 0.17 cm respectively. For 15 days, specine:
were acclimated progressively to the experimental conditions and in particular to the chen
characteristics of the water used for the experiments. During this phase, they were fed ad libifu i
unicellular algae (Scenedesmus obliquus) whereas during the experiments they were starved.

60 specimens were placed on a grid in 8 litres of water in plastic tanks. The water used
commercial spring water (Ogeu, France) with a stable physical and chemical composition (49 m
Ca®*, 31 mg L' Na', 11 mg L Mg®, 1 mg L? K*, 183 mg L HCO5", 16 mg L SO, 14 mgL*yi
44 mg L™ CI' ; pH 7.94) and in which the zinc background concentration was about 10 ug Ll
cadmium concentration less than 0.02 pg L' During the experiment, the water temperaurt
maintained at 16 = 0.3 °C and the mean oxygenation was at 75 + 4 % of saturation. The daily phow
period was fixed at 12hr.

The study was designed to simulate a situation that might occur in situ, i.e. the discharge by anus
facility of radioactive liquid effluent into a freshwater ecosystem chronically contaminated by med
pollutants. Three stable metal contamination conditions were chosen: 4 ug L™ of Cd and no Zn (i
group); 250 ug L of Zn and no Cd (Zn group) ; 4 pg L™ of Cd and 250 pg L™ of Zn (Cd/Zn group) Fé
these three conditions and the control group (no addition of Cd and Zn) two replicates were prepared T
cadmium (Standal, Analys) and zinc (Titrisol, Merck) stock solutions were in the form of bichloride
radionuclide activities for the radioactive contamination of the water were 5x10° Bq L™ for the "y
and 30x10° Bq L™ for both *’Co and "* Cs. Taking into account the concentration of the carier (st
element accompanying the radioactive isotope), the total element concentrations were 0.25 g L of ¥
1.3ngL" of Co and 1.7 ugL" of Cs. The radionuclides, obtained from the Amersham Intemai”
Radiochemical Center (UK), were added in the form of CsCly, CoCl, and AgNOs. ‘

The experiment was carried out over a 31-day period and divided in three consecutive phases dun:
which the water was continually contaminated by the two metals (Zn and/or Cd). The first phase (metglh:
pollutant(s) alone), lasting 17 days, was designed to constitute different groups of organisms characlequ
by possible physiological disturbances resulting from the presence of Cd and/or Zn. The second phage
days) was devoted to study mollusc uptake of added radionuclides. The third phase (7 ¢ay) wm,it
represented a return the initial situation (stable metals alone), was designed to monitor the rz?dlonllchUe
depuration by the mussels. During the experiment, in order to simulate chronic contamination and y

maintain its main physical and chemical characteristics constant, the whole medium (water a1 )
pollutants) was renewed daily.
2.2 Sampling and chemical analyses

cimend

Three times a day, pH, conductivity, dissolved O, and temperature were measured in every ¢
unit. Water samples were taken before and after the renewal of the medium and immediatel wf‘
with 2% HNO;. Cadmium was determined with a graphite furnace AAS with Zeeman COI:T““O”( i
ZL, Perkin Elmer; detection limit of 0.1 pg L") and zinc with a flame AAS with deuterum comeie”
(Spectro AA 200, Varian; detection limit of 10 pg L™%).
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During the radionuclide uptake and depuration .phases, the radioacti\{ity of eight individuals from
qach tank was measured daily by whole-b.ody counting of thg gamma emissions for two minutes. The
ndividuals were removed from the tank, rinsed, blotted dry \_Nlth tissue paper, weighed and placed in a
counting tube. Radioactivity measurements were performed with a single-channel analyser comnected to a
llum-activated sodium iodide well probe (Ortec). After counting, each mollusc was returned to the
ik, At the end of the 31-day experiment, mortality was only abqut 5% of the organisms for all treatment
goups. At the end of the uptake phase, after whole-body counting, four mussels from each group were
wcrificed in order to measure metals and radionuclides in the soft body. The soft bodies of two organisms
were pooled in a single counting tube to improve the accuracy of the measurements. Each sample was
mineralised in a glass tube with a screw stopper (HNOs 65%, 3 hours, 105°C, Blockdigest). Digested
amples were then diluted with deionised water up to a volume of 20 mL, before being analysed for Cd,
7nand radionuclides.

13 Kinetic modelling approach

By combining kinetic modelling and experimental data it is possible to evaluate the relevance of
different hypotheses on the major factors controlling metal influence on radionuclide bicaccumulation.
The first step is to compare the uptake and depuration kinetic rates characterising the radionuclide transfer
to the organisms, to evaluate if Cd and/or Zn contamination leads to a significant decrease or increase of

. each kinetic rate. The time-course radionuclide concentrations in the mussel is assumed to follow a

simple first order differential equation : .
—d%:ZLCwater '-(d +G).Cmussel » (1)

where Cynusser Tepresents the radionuclide concentration in the whole organism (Bq g'1 W.W.), Cygter, the
ndionuclide concentration in the water (Bq mL™), ¢, the time of exposure (days), # (mL g d™) and d (d")
e the uptake and depuration kinetic rates respectively and G, the individual growth rate (d™). For each
metal-exposure condition, the kinetic parameters » and d were estimated by numerical calculation
(Runge-Kutta 4® order) using the computer program ModelMaker 3.0 (Cherwell Scientific, UK). On the
basis of the statistical differences evidenced between the kinetic rates, further mechanistic hypotheses can
be developed, by dissociating the parameters u or d.

SRESULTS AND DISCUSSION

31 Effect of metals on radionuclide accumulation

Among treatments with the metals, *’Co and ''®"Ag on day 24 declined in the whole organisms with the
addition of Cd and/or Zn (Table 1). On the opposite, >*Cs concentrations increased in metal exposed
goups. With regards to the soft tissues, *’Co concentrations decreased with Zn addition. In the case of

‘ Ag and **Cs, the trend was reversed, since radionuclide concentrations in the soft tissues increased
viththe addition of Cd and/or Zn.

32 Testing different assumptions for involved mechanisms through modelling
321 Global kinetic model

134 . . |
FD{E Cs, no obvious differences were observed between the kinetic parameters obtained for the control
and the metaj contaminated groups (Table 2), except for the uptake parameter u characterising the Cd
pased group. For >'Co, the two groups contaminated by Zn were characterised by a decrease of the

ﬁlf)t:}llke kinetic parameter u. For 11 Ag, an increase of the parameter u was noted for the Cd/Zn group and
¢ Parameter df for the three metal contaminated groups.

322 Influence of the Silration rate

]’:‘reps‘;SSible explanation of the change in radionuclide uptake is that the filtration rate is modified in the
ice of metals. A reduction in filtering activity might be expected to reduce radionuclide uptake,
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particularly in the soft tissues. The opposite trend might be expected if the filtration rate was increased;
the presence of Cd and/or Zn.

The filtration rates corresponding to each Zn condition were estimated during other experimens
using fixed-volume clearance experiments. For the control group, the measured filtration rate was 204
mL g d” while for the group exposed to 250 pg Zn L, the value decreased to 1355 mL g d" Tpe
values were close to those determined by Kraak ef al. [8] for the same species. In the case of (g y
difference in the filtration rates were observed by the same authors within the range of Cd concentratigs;
considered in the present paper. Under these hypotheses, the reduced 57Co uptake could be explained by
reduction of the filtration rate. However, reduced uptake of all the radionuclides at higher 7;
concentrations would have been expected . On the contrary, silver and caesium concentrations in the sf
body increased with metal addition. Furthermore, a reduced uptake would be expected for both Zn a
Cd, which is not the case (Table 1).

Table 1: Concentrations of radionuclides in the whole organisms (shell+soft part) and soft tissues (wet weight), f
the four metallic contamination conditions at the end of the radionuclide contamination phase (day 2)
Values are means = S.D. (8 to 15 individuals for the whole organisms; 4 replicates of two soft tissus
pooled). * : value significantly different from that characterising the control group using Student’s t4s
(0=0.05). n.d. : not determined.

Exposure condition  Zn (ugg') Cd(ngg') ’"Co Bqg') "mAg Bqg)  'Cs(Bqp)
Whole organism

Control nd. nd. 3513 + 300 2183 +383 258+3)

Cd nd. nd. 3477 +239 1875 + 295 305 £44'

Zn nd. nd. 2521 £269" 1852 + 394" 328 +47'
Cd/Zn nd. nd. 2630.2+219.9° 1859.9+312.9"  319.0+463

Soft tissues

Control 15+3 215 + 54 460 + 173 1960 + 47 32617

Cd 15+3 1493 + 216" 557 £ 109 4229 + 1412 430 +49'

Zn 45 + 4" 173 £ 21 280 £ 67 4317 £ 735" 48] 461’
Cd/Zn 38 +7" 1192 +254° 288 +38 2849 + 608" 32749

Table 2: Radionuclide kinetic rates related to the uptake («) and depuration (d) processes in Dreissena polymorph
for the different metal exposure groups. Values are mean + A.S.E. * : value significantly different fiom

that of the control group.
Radionuclide  Exposure condition u (mL g‘1 d") d (d") R*
Co Control 2234048 0.020 £0.003  0.995
Cd 22.7+0.44 0.021£0.003  0.995
Zn 15.1+044" 002540005  0.987
Cd/Zn 154+039"  0.024+0.004 0991
1omAg Control 62.1+40 003240010 0915
Cd 66.0+3.7 0.055+0.010"  0.944
Zn 723+65 0.064 £0.015°  0.863
e Cd/Zn 1005+6.9°  0065+0011" 0912
Cs Control 2.45+0.20 0.14 £0.019 0.844
Cd 2914017 0.15+0.014 0.935
Zn 2.64+0.14 0.13+0.012 0.943
Cd/Zn 2.58 +0.16 0.12 £0.013 0.932

3.2.3 Assuming a co-regulation of radionuclides with Zn

The second approach used to deepen our understanding of metal-radionuclide interactions, aims 1
describe a possible competition phenomenon, based on the hypothesis of a co-regulation of radionuclides
with Zn. The assumption required is that zinc acts as a biochemical analogue of one of al te
radioisotopes studied.
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A mass balance equation can be developed to describe the balance of radionuclides in mussels, based

onthe approach of Koulikov [9]:

dt =qf—qk —ﬂp.mmumkcrl;ussel (28‘)
dmmussel . ;Egsse n td
e e = gl — g =

shere R represents the radionuclide (Zn) concentration in the mussel, ¢,® and g&®, the

adionuclide (Zr) ingestion and excretion rates, A, , the physical decay of the radionuclides and 7msser the
missel mass (w.w.). Based on the co-regulation hypothesis, the ingestion and excretion rates can be

gxpressed as:

R
R yzn Cliater X g
=gy Shar 2 G2
water Zn
CR . &
qR=qf s — R 3b)

PR
mussel a Zn

where @ pz,y is the fraction of radionuclide (Zn) taken up from the dissolved phase through the biological
harriers and C2&? | the radionuclide (Zn) concentration in the water.
Zn
Inserting Zn regulation (d—C;Z‘jSL"EO ) and mussel exponential growth (%ZG.mmussel ), into eq. 2b:

i%ln:quxn +G.mmus:el.crﬁzxsel (4)
Finally, under the hypothesis of Zn regulation by excretion only, which is valid for invertebrates
(10),into eq. 4

q,%" =kZm Myater. ngter (5 a)
Ga=k&m . Mwater. CZor—G Mimussel ~C;§z.m'el (Sb)

where 422, is the kinetic constant of Zn exchange between water and mussel.
Inserting eq. Sa and Sb for ingestion and excretion rates into eq. 2a transforms the differential
equation into:
zZn

dCE a a a
gussel —| R . Mwater i, C y%ater" R Miwater y . C;J:ler R G+ ;Lp +G Cgussel (6)
! & 7, Mmussel & 3, Mmussel Cmussel @ 5,

In the case of this experiment, data are corrected of the physical decay and no growth was evidenced,
consequently, eq. 6 simplifies into:

R
dcmussel @ R Mwater an CR _ O R Mwater kz,, szgler CR (’7)
d v SAv—m | water . Swem Ny nussel /
t & 5, Mmussel & 7, Mmussel Cmussel
Let U= 2R Moater oo ang D=8 Mhontr fn, Clltr 17 Clfhr | oq. 7 simplifies finally into:
« 2n Mhnmussel & g, Minussel ﬁﬁmz r%:ssel ’ )
dCR
78

_—am;i"U~ C\I;ater _D . Cyﬁussel (8)

This simple model implies that the uptake parameter U remains constant between the control group
ad the Zn exposed groups. On the contrary, the depuration parameter D takes a different value according
othe change in %%, this value being increased from the control to the metal conditions groups.

; These hypotheses cannot be validated according to the kinetic parameters determined for the
lfferent Zn exposure conditions and the three radionuclides (Table 2), which suggests that the
ndionuclides are not co-regulated with Zn. This is consistent with the experiments conducted by Kraak et
48] who reported that Zn is not regulated anymore by Dreissena polymorpha above 191 ng L
. Assuming t.hat neither a reduction in the filtering activity nor a co-regulation of radiongglides with
1 Were determining factors, some possible explanations can be put forward. A direct competition among
aﬁ‘fams fO.r sites on the shell and on gill epithelia may have reduced *’Co and 1mAg yptake at the
i ¢ organism level. This first hypothesis has been reported for Co and Zn. Price and Morel [11] }Glsave
own that Co can substitute for Zn in a marine diatom, while in bivalve, cobalt depress the rate of ”Zn
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uptake by oyster soft tissue and shell [12]. To validate this hypothesis and develop a mechanistc moge
for the accumulation of radionuclides in the presence of metals, 'Co and 110"“Ag uptake should g
characterised for wider ranges of Zn concentrations, in order to fit a competitive inhibition mode| t tie
data, in a similar way to what was done for Sr** and Ca®* by Chowdhury et al. [13]. However, in the ey
of Ag, it must be underlined that the reverted trend is observed at the soft tissue level. Consequeny if;
competition phenomenon exists, it occurs only at the shell surface. An increase of Ag accumulation in e
presence of Zn has also been shown for a fish (Brachydanio rerio) [14].

Such interactions have been largely studied for Cd and Zn, which are known to induce g
implementation of metal sequestration and excretion mechanisms, including metallothiongiy;
glutathione, calcified concretions and mucus secretion [15-18]. For Anodonta cygnea, Hemelraad o1 of
[19] reported that zinc competes with Cd for metal binding sites at the cellular level and accelerates (¢
transport from the gills towards the internal organs. It can be hypothesised that the uptake andiy
excretion rates of radionuclides may be modified in bivalves exposed to Cd and Zn, because of the greaier
occurrence of these various defence mechanisms. Another explanation can be put forward, based on i
work of Rainbow and White [20] who proved that Zn regulation in a decapod species is an aciy
phenomenon, increasing uptake rates being matched with increasing excretion rates. Under th
assumption, this active process will necessarily cost energy, which cannot be used for other metabol
processes. This may also explain the differences in radionuclide uptake and excretion observed betwes
the control and metal exposed groups.

Current knowledge of the radionuclide behaviour in the context of a metal pollution is insufficient t
allow for a broad generalisation of these results. However, this experiment provides the first elementsto
understand some of the mechanisms involved in the influence of metals on radionuclide uptake, whichis
an important prerequisite to any detailed accumulation modelling that goes beyond describing the
observation by global kinetic parameters.
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