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Cadmium Kineties in Freshwater Clams. II. A Comparative Study of
Cadmium Uptake and Cellular Distribution in the Unionidae Anodonta
cygreda, Anodonta anatina, and Unio piciorum

I Hemelraad, D. A, Holwerda, K. I. Teerds, H. J. Herwig, and D. 1. Zandee

Laboratory of Chemical Animal Physiclogy. State University. Padualaan 8, 3508 TB Utrecht, The Netherlands

Abstract, A comparative study was made of Cd ac-
cumutation in three species of Uniomdae. Up to
eleven weeks of exposure, patterns of accumulation
in whoele ammal were biphasic and didn't-differ es-
sentially between the species. Afler the eleventh
week, Cd uptake increased strongly in A. anating,
whereas In A, cvgrea metal concentration remained
at a constant level. This dissimitarity is discussed
in terms of differing ventilation activity. Large dif-
ferences were observed hetween corresponding or-
gans of the species with regard to the Cd concen-
tration (on the basis of organ dry weight), However,
when comparing the normalized burden values {on
the basis of total dry weight) differences were found
to be small. In conclusion, in the comparison of re-
lated species, normalized burden rather than con-
centration has to be considered as the more realistic
parameter of Cd accumulation. Comparing mussels
of different condition {summer and winter animals)
of the same species, accumulation patierns di-
verged when the parameter of Cd concentration was
used, but not with the parameter of Cd burden; the
total body or organ mass factor holds elements of
differing, seasonally dependent weight (¢.g., energy
stores) that do not affect the extent of £d upiake,
Cd amounts and Od concentrations {on a protein
basist were highest either in the nuclear fraction or
in the oytosel in the (wo Anodonta species, de-
pending on the organ, 1o gills of A, anaring. and in

was found in the nuciear fraction. A possible con-
tribution of large membrane-limited vesicles and of
calcium concretions to this fraction is discussed.
Unly in the kidnev of either species was the amount
of cytosohic €d greater than that in the nuclear frac-
ton. In the other cases, the ratio of Cd amounts in

A

the nuclear and ¢viosolic fractions was about 3:2.
Partition of Cd between the {otal particulzte and the
non-particulate fraction was similar at 3 and 16
weeks of exposure. After gel filtration, total cyto-
solic Cd was recovered in & high-molecular weight
(HMW) fraction and in a protein fraction with ap-
parent MW of 11 kI3 In gills, mantle, and midgut
gland, the contribution of the latter fraction in-
creased with exposure time.

It 15 well documented that both marine and fresh-
water bivaive molluses accumulate cadmium in high
concentrations (Ravera 1984, Ray 1984}, without
any obvious distress. Rate and pattern of accumu-
fation may vary considerably between the mol-
luscan species. While marine bivalves accumulate
Cd mainly in a inear mode (Ray 1984), freshwater
clams accumulate 1t In a more complex way (Mar-
quenic 1984, Hemelraad 1 al. 1985).

Ewven among related species, from the same en-
vironment. clearly different rates of Cd uptake
occur. For instance, the ovsters Crassestrea gigas
and Osireq edulis differ in rate of accumulation by
a factor of two to three (Frazier and George 1983).
Moreover, experimmenial exposure of the same spe-
cies, hut taken from an uncontaminaied and a
metal-contaminated environmemnt, respeciively, re-
sulted in different rates of Cd uptake,

Although sparse, available data for freshwater
molluses tend to considerable differences in the
rates of uptake of heavy metals (Zadory 1984). Sao
far as it concerns laboratory experiments, with thew
conirolled abietic factors, the biotic factors hke
veniilation ratc and concentration and svnthesis of
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metal-binding proteins fe.p., thioneins) will deter-
mine the kinetics of uptake and internal trangpornt
of heavy metais.

In the previous paper (Hemeiraad et al. 1985} the
time-dependent Cd accumulation and organ distri-
bution were studied in the freshwater clam Ano-
donta cvgnea. in the present study a comparative
investigation is presented reiating to the Cd kinetics
in three members of the family Unionidae:
A, cvgnea, A. anating and Unio pictorum. Among
other factors these species differ in thetr habitat
(Ellis 1978), in filtration capacity (/bid.} and in the
extent of tssue pigmentation. The latter factor has
been connected with the tolerance to environmental
pollutian {Karnaukhov ef al. 1977; Karnaukhov
1979

Time-dependent uptake of Cd as well as the in-
ternal distribution were determined in order o ob-
tain an insight inte similarities and/or differences in
three closely related species with respect to metal
kinetics. This should be helpful in understanding
the common principles of Cd accumulation in fresh-
water molluscs. In addition, the validity of the con-
centration term (pg Cd/g dry wt} as a commonly
used and comparative measure for cadmium con-
tenis in whole animat and in separate tissues has
heen examined.

Data concerning the cellular fate of accumulated
Cd in freshwater moluscs are not available in hit-
erature. Therefore, in the two Anodonta species,
the subcellular and molecular distribution of Cd was
also determined.

Materials and Methods
Animals

Anrodonta cygnea zellensis Gmelin (swan mussel} were collected
from ponds and ditches in the Maarsseveen-lake district near
Uirecht in April 1984, Anodonia anating L, {(duck mussel) were
coliected from o pond near Leiden in October 1983, The animals

were preserved under natural conditions in wire baskets placed
in the moat of the botanical garden in Utrecht. Dlmio piciorum
L. (painter's mussel) were collected in June 1983, These mussels
were found al the same sites as 4. cygnee. Species determination
was essentially after Jansen and Voge! (1965). Prior 1o exposition
ali three species were ireated as descoribed earlier (Hemelvaad or
gl 1985). The mean shell lengths of A,
were 1.8 em
LG omb. Tes

cyvgned and A, analing
6.1 1o (43 cmloand 87 cm = (.2 (7.6 10

Exposure Svstems and Metal Anabvsis
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Fig. 1. €¢ copcentration vy exposure time in whole animals ex-

posed to 25 ppb Cd: -0- A, anating, -®- A cygnea, Mean of 4
animals, +SEM

Daia concerning water guality and exposure system werg de-
scribed earlier (Hemeiraad 61 af. 19851, The actual Cd concen-
tration in the water. that was assayed weekly, amounted 10 29
ppb = 7 (SDY. The exposure lasted from June until November
1984, 7. pictorum and A, cyvgnea were exposed to 55 ppb Cd +
5 at the same time and under identical conditions. The experi-
ment was performed from November 1983 until February 1984,
Dissection. tissue decomposition and determination of Cd were
carried oul &s previously described (Hemelraad e7 4. 1985).

Subcellular and Molecular Fractionation

Crills. kidneys. midgut glands and mantes from four animals
were pooled and gently homogenized in 25 M Tris-HC boffer
of pH 8.0, using successively an Ultra-Turrax hemogenizer and
a Potier tube. The homogenates were centrifuged stepwise, with
imermitient washing of the sediments, to obtain & nuclear {10
min at 500 g}, a mitochondrial/lysosomal (30 min at 30,000 g}, a
microsomal (1 hrat 100,000 g) and a cytosolic {superpatani} frac-
tion. The latter was chromatographed on a Sephadex G-73
column (Pharmacia), 0.9 x 50 ¢m, that was eguilibraled and
eluied {at 3.2 mihr) with 25 mM Tris-HCE buffer of pH 8.7, The
fractionation procedure was carried out at 4°C.

Svecinic dehvdrogenase activity was determined by the
Kmetec method (1966}, acid phosphatase activity according 1o
Rergmever (1974). Protein was determined by the Lowry method
{Schacterle and Pollack 1973}, using BSA as the reference pro-
tein. Cd concentration of the cytoschic and column fractions
were measured without prior acid decomposition. The Cd con-
tents of the orgapelie fractions were determined after acid de-
COMPOSTLHON.

Results

Comparison of Cd Accumulations in Three
Species of Unionidae
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pable T Comparison of meen dry weights of experimental am-

il during two periods, and after 22 weeks

‘‘‘‘‘‘ - A, unaiing AL cvpned
g = 8D

o 1 b weeks 351 = 9.42 260 = (.67

g o 16 weeks 3.47 = 0.51 346 = 071

aand week 249 = 0.53 136 = 0.28

the same time and under the same conditions, Two
periods can he discerned. Dz_m_ng the f};§1 e:}evgn
weeks metal concentrations in whole animals did
not diverge strongly. Periods of high uptake aher-
nated with apparent stagnation or decreased rate of
Cd accumulation, as reported in the preceding
pape’ {Hemelhraad e af. 1985). By the end of the
first period more or less saturation occurred in both
species. Thereafter, metal cancentration in A.
evgrea increased only shghtly, bul in A. anating
accumuiation started again. at a high rate. As illus-
rrated by the data in Table 1, there was no signifi-
cant decrease of mean amimal weight over the time
of exposure, except for the final group (22 weeks)
of A, anatina,

Of all organs examined, curves Tor gills, mantle-
edge. mudgut gland and kidney are given (Figures
2 A and C. Figares 3, A and C). as representative
patterns of accumulation, Metal contents have been
expressed as pg cadmium per g organ dry weight.
The organ curves differ considerably from those of
the whole animals (Figure [}, From the beginning,
accumulations in gills and in kidney deviated be-
rween the species. Especially in A, anating, time
courses for these organs were multiphase. In the
mideut gland deviation occurred not before the
sixth week, but was very strong thereafier. In con-
trust 1o these three organs and also 1o whole ani-
mals, accwmulation in mantle-edge of A, anating
was less than in A. cygaea over the whole period of
eleven weeks.

The picture drawn alters when the parameter of
“concentration”’ Is replaced by that of normalized
organ burden (f.e., pg cadmium per g of toral soft
bady weight), thus releasing any correlation with
organ size. The curves are shown in Figures 2 and
3. B and D. Considering the first period of eleven
weeks, it 1s evident that the differences betweer the
species hecome smalier. For gills and mantle-adge
the sets of curves stronglv resemble thal of whele
. e, the contributions of these organs (o the
total body burden (all values being normalized to 1
g of total dry weight, in order to correct for differ-
ences in animal weight) are the same for A, anating
and A, ovgnes. Por the Kidnev, alse, the contribu-

HONS wWare

dlar up to the point at which in A,

It

anating the second phase of accumulation
started. The data for the midgut gland do not it into
this model. Whereas the concentrations in both spa-
cies reached the same level af the end of the first
phase (three o five weeks after the onset of expo-
sure), this did not apply for the normalized burden.
irn this phase, the uptake mnto the organ was twice
as high in A. cvgnea as in A. anating.

The notable difference between the left and the
right halves of Figures 2 and 3 s brought about by
the denominator in the “concentration’’ parameter.
1 Tabie 2, the mean absolute and relative dry organ
weights for all mussels of either species are given.
The total soft body dry weights of A. anatina and
A cvgaea were praciicatly similar. By contrast,
gills, kidney and midgui gland were much heavier
in A, cvgnea than in A. anaring. The reverse situa-
tion applies for mantle, mantle-edge and the guts/
gonads complex,

Figure 4 shows the time courses of Cd accumu-
iation in A, cvgnea and U, piciorum. Both species,
exposed to 55 ppb C4d at the same time, accumu-
lated in a biphasic way. The first hyperbolic phase
lasted for about six weeks and was foliowed by an
increased accumulation rate. The zigzag course in
the curve for Unio need not be interpreled in terms
of a significant elimination of Cd after four weeks,
but was most probably caused by the accidentally
high mean animal weight of the 44-days sample (4.1
g, against 2.3, 2.1 and 2.4 g for the 12-. 28- and 78-
days samples, respectively). Apparently, within the
same species the rate of Cd uptake is weight-de-
pendent: a small mussel would accumuiate (rela-
tively) fasier than a larger one. Similarly, the 12-day
vahee in the Anadonie curve mught be “too high.”
because of the refatively tow mean animal weight
(3.1 g against 4.0, 3.4 and 3.9 g for the 28-, 44- and
78-days samples, respectively). Taking into account
this weight factor, time courses for whole animal
Cd accumulation are similar.

With regard to the individual organs, of which
two typical examples are shown In Figure 5, similar
features emerge as in the foregoing comparison of
the two Anodonta species, The clear divergence of
the “‘concentration’ curves (Figures 5, A and C).
especially by the end of the exposure time (7¥
davs), is markedly reduced in the curves for the
normalized organ loads (Figures 5. B and D}, al-
though. except at the end of the exposure lime, the
verv small gills of Enio canpot fully compete with
the much larger Anodonta gills as for the contri-
bution of this organ to the whole body burden.
Also, manile and kidnev relative organ dry weights
Giffer even more belween A, cvgnen and UL piciorum
than between the two Arodenta species (lable 3).
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ature. In the former case, mussels were exposed i

the summer, in the tatler case in the winter. in the
summer experiment, Cd concentrations were lower
{F‘igure 6A). especially after six weeks, This re-
sulied in a less pronounced biphasic charact

the accumulation curve, compared 1o that
winter experiment. From six weeks on, the
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was constant at a value of one and a half. However,
practically the same valve was found for the ratio
of the total soft body weights of summer and winter
animals (Table 2). When, therefore, Cd burden (¢,
amount per animal) is taken in place of Cd concen-
ration, a different picture arises (Figure 5B). Ex-
cept for the samples at eight weeks, the curves
overiap,

The same is found for the separate organs. when
the burden-—hul not the normalized burden!—is
taken to compare the summer and winter animals.
For example, Cd amounts per gill are much more
similar (Figure 60} than Cd concentrations (Figure
6C). The difference between the latter curves is
“corrected” by the difference of organ weights.
Whergas for manv organs the relative weigh! varied
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wom 2iudar Cd Distribution

ples, gills and kidney, of the subcellular
- -1 of Cd and the marker enzymes SUCCIRIG
= irogenase (SDH) and acid phosphatase (AP,
~ -2 16-week exposure period, are given in Fig-

ppb Cd; -0 UL pictorm, §. A. cvgnea. Mean of

I, Hemelraad ef al.

ures 7, A and B. In all organs examined, Cd con-
centration (on a protein nasis) was highest either in
the nuctear or in the gytoplasmic fraction and
lowest in the mi‘a‘ochendriai!iysosoma! fraction.
SDH activity was divided. with varying ratio. be-
yween the mitochondrial and the npuclear fractions.
The bulk of AP activity was also found in these
fractions. with someatimes little activity present in
the two other fractions (Figures 8, A and B).

In Figures 9. A to D, Cd distributions are shown
for A. cvgnea (5 and 14 weeks) and A. anating {5 and
16 weeks), in the four organs. No time~dependency
was observed for the partition of Cd between the
particulate and the non-particulate (cytopiasmic)
fractions. However, species- as well as organ-spe-

cific differences occurred. Only in the kidney, of

either species, the cytoplasmic Cd amount ex-
ceeded that of the particulate fractiors. In the mantle
also, there was no difference between the species,
hut in this organ only about one third of the Cd
amount was present in the cytoplasm. For gitls and
midgut gland striking differences were observed be-
rween the species. In the gills of A. cvgnea the cy-
toplasmic contnbution amounted to 37%, about the
same value as for mantie tissue. In A. gnatina the
cvioplasm contained only 189 of the total amount
in gill. The reverse situation is seen in Figure 9C
for the midgut gland. An explanation for the differ-
ences between the organs on the one hand and be-
tween the species (for two out of four organs} on
the other could be the varying quality of subcellular
fractionation. However, a relation between the ob-
vious differences in distribution of Cd and the grade
of organelle separation was not visibie.

Molecular Distribution of Cytoplasmic Cd

The Sephadex G-75 elution pattern of & cytoplasmic
fraction (from A. cyghed kidney, after six weeks) is
shown i Figure 1t Cadmium was separated into
two protein containing peaks. while no meial was
detectable in the iow-molecuiar weight fraciion.
The first Cd peak (P} was concomitant with the
void volume peak. the second (P} was located at
the switch of the absorbance ratio Asag! Arses
showing an apparent molecular weight of 11 kD
{Figure 11} Therefore. the Py peak is provisionally
interpreted as containing metaliothionen M
bound Cd.

For gills and kidney the percentages of MT-bound
(P, Cd are shown iy Figures 12, A and B, indepen-
dent of the exposure Lme. by AL apaning gill the per-
centage of Cd in P increased fram 207 to 2 Jevel
of 609 that was constant from the ninth week. In
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A. cvgneo the P portion aiso started at about 209,
Bui ncrease owly. By the epd of the ex-
posure (25 weeks) also in A. cygrea gitt 605% of the
eyvtoplasmic Cd was in the P, fraction. A similar
pattern, namely an increasing P» to P, ratic with
lime. was observed for mantle and midgut gland of
both species (not shown) In the kidnev. no clear
cvgres the per-

time-dependency was found. In 4.
centage of Cd in P, fluctuated around 4 mean value

of 73, In A. anatina the course was more irregular,
at a clearly lower mean level of 33%

Priscussion

In the preceding paper. it was demonstraied that 4,
vereo accunndlates Cd. in the whole animal as
well as i most of the organs, in a non-linear way,

f“.




i tag pereentage of total soft body weight])
w4 evense and L pictorns. For both species.

AL cvpniea {1, picierum

iz %
26 7.5
2 3%
12 6.8
48 8.4
1Y 1.0

The — =27 data confirm these accumulation char-
: sr three species of Unionidae, The gen-
is most pronounced in the time course
e oreans, e.g., Figures 2A and 3A.
re phases can be discerned each con-
: period of elevated uptake and termu-
snation of accumulation. The overall
fore. resembles that of two or three
ied hyperbolas. This phenomenon has
cied (Hemelraad e al. 1985) with a fluc-
mal activity with regard to ventilation.
~f this factor to short-term Cd exposure
4. ¢ygnea has been reported (V.-Balogh
19841,
sem-arative studies, with A. anating and
¢ -+ . onthe one hand and A. cygnea and
- = .m on the other, generally small differ-
vz gncountered in whole body Cd content
S weight) through the first eleven weeks
. Occasionally targer differences, espe-
=¢ latier comparison, may arise from umn-
weight distribution among the sample
data rend (o a negative correlation be-
iprake and body size. The same has been
many marine moliuscs, but also a pos-
tion and absence of body size depen-
cours (for a survey, see Ray [984).
i oo larger divergence between species was
s-=: vm=n considering Cd concentrations of indi-
: ues. e.g., Figures 2A and 5A. Therefore,
1. species seem (o differ with respect {0
Cd distribution. However, also large
5 exist between the relative organ

1oL Ld

: compiex. When these two sets of dif-
zre proughi together, o compare the

: “1issue-hound Cd per unit rafal soft body
e divergence of the time courses dimin-
iv. This means that the contributions of
al organs to the total Cd tead were more
the three species than were the organ Cog-
. Omlby the small gills of Uaje cannot
much heavier gills of A. cygnea (Table 3)
=Ct to the coniribution of this organ to the

1. HMemelrand et ol

hody load. As a typical example. manties of U, pic-
torum  and A, cygmea accumulate about the
same amount of Cd (per g total soft body weight),
aithough this organ of the latter species has only
one-half the weight of that of Unio.

These findings raise the guestion as to the reli-
ahility of the concentration parameter. In accumu-
lation studies. il is common practice 10 express
heavy metal contents as pg per unit dry or wet
weight; also, when different species are considered
(Greig 1979; Saldnki e/ al. 1982). The conclusion is
that the term “‘dry weight'” comprises elements that
make its use, in comparative studies, doubtful. One
could think of elements of a variable mass factor
that do not have the capacity for uptake and storage
of heavy metals: for example, the amount of met-
abolic stores (glycogen. lipids) or the presence of
so-called calcium granules which may constitute a
considerable part of the total organ weight in fresh-
water mussels (Sieffens er al. 19853,

Not all organs obey the rule of constant organ
contribution to the tetal body burden. The example
of diverging contributions of the gills in Unlo and
A. eyvenea was aiready mentioned. In the compar-
ison of the (wo Anodonia species {Figure 3B}, the
contributions of the kidneys diverge when the
second phase of accumulation is initiated, namely,
after five weeks. For the midgut gland, contribu-
tions diverge from the very beginning of exposure
(Figure 3D) for a period of six weeks. For the next
period of five weeks. the normalized hurden values
were similar, whereas Cd concentrations diverged
strongly (Figure 3C). Generally, in comparative
studies, the mode of expressing the extent of ac-
cumulation has 1o be considered very carefully m
order 1o avoid premature inferences with regard to
similarities or differences between species.

Drastic divergence between the Anodonia spe-
cies. regardiess of the mode of expressing the ex-
tent of Cd accumulation, occurred after eleven
weeks of exposure. Whereas in A, cygrea acCumu-
lation increased only slightly, uptake in A. anatinag
started again at a very high rate. In both species,
mortality was negligible during the first 16 weeks
(two and three animals out of 142, at {he stari of
the exposure}, but increased drastically between 16
and 27 weeks (31 and 27 animals out of 40 remaining
after 14 weeks for A. anaiing and A, cygnea, respec
tivelv), Therefore, over 90% of the total moriabty
during 22 weeks occurred in the fast period. Con-
comitant investigations of ventilation activity and
metabolic status will be necessary for explaining the
siropg difference in Cd accumulation after cieven
weeks and the simutianeous appearance of mor-
tality. It is {empting to speculale about an essential
role of the pigments. In contrast to A. anating,

.
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A cvgnea is strongly pigmented, Plgmeniation has
been refated to the tolerance of anoxia {Zs.-Nagy
1977 Karnankhov 1979 Moreover, for marine
moiluses a correlation has been found between the
tolerance of pollution and the degree of pigmenta-
tion (Karnaukhov 1979}, If indeed the extent of pig-

on ang the tolerance of anoxiz and pollution
are relsted phenomens, then the divergence of ac-
cumulation was caused by a differential behavioral

1Y in whole animals: C. Cd concentration {ug Cd/e organ dry wi)

response. A, cygnea as the more adapted species
\xcu;a reduce the ventitation rate in order (0 p*‘ﬂ‘\é“:fl
nself against a further Increase of noxious meial

dccumulalmn but eventually collapse through an-
oxic siress. A. anaiing being less able to withstand
anoxia and, therefore, to reduce the ventilation rate
for tonger periods. woulkd accumutate Cd again up
tor a lethal level.

When the present daia of Cd uptake into A,
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g N e T el 1025 ppb €d for 16 weeks. among, the
[ U I iy nuciedar {N)-. mitochondriablysosamal (M/
25 = 75 100 0 25 50 75 100 L. microsomal (Mic) and cytosolic (C)
% of protein % of protein fractions
cygnea are compared with those previously re-
ported {Hemelraad et al. 1985}, it must be con-
- aned cluded that usage of the concentration parameier
_ Gl " Midgut gland may be misleading. Concentrations of Cd in whole
| AR animal as well as in the separate organs differed by
- m 1_#«%' a_facto;‘ one and a half (values in winter being
»—"*% = i _ j:_r___l_ higher), as did the total hody dry weights (Table Z;
e e AT animals of summer condition being heavier), In this
) N ann case, replacement of the concentration parameter
= i for normalized burden, that was applied above,
I -.r__ﬂ_,w__ makes po sense, since the relative organ weights
. ! i 'm were similar. Instead, usage of the ahsolute burden
T R p— | b A term makes clear that Cd uptake into whole animal
B and separate tissues was similar in either case, in-
o dependent of the condition of the amimals. Espe-
- cially in long-lasting investigations, as for instance
R in biomenitoring work, care must be taken to select
‘ 1 proper criteria as to the measure of heavy metal
At contents.
) . ‘ The subcetlular and molecujar distribution of Cd
i - = was investigated, using three varizbles, exposure
_ T time, organ- and animnal specificity. With respect to
! ‘; i | sxnosure me. 2 sipiking constancy of subceliviar
e — S distribution was found per organ, per species {(Fig-
N M hoMe € ares 9. A-Dj. This is the more notable as the
T T L H— . ) ; :
: o = 50 100 sample points of five and 14/16 weeks, respectively,
S % of protein felt into separate phases of accumuiation. Espe-
vig. 8. Subccis B e marker enzymes AP and cially in A, anaiing. the raie Gf‘iil;}. ke im:?‘;agaﬁn
_ < H in gil aland of 4. cygnea and A. aRating, ex- strongfy after 11 weeks, Apparently. irrespecuve of
e (o 1m0 for 6 weeks the rate of uptake, the cells martition the Cd supply
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Fig. 16, Sephadex G-75 elution profile of kidney cyiosolic frac-
ton of 4. cvgnea, exposed 1o 25 ppb Cd for & weeks: -0- Aug,
G Ao, ~&- COd

gmong the organelles in 3 constant manner. It was
demonstrated earlier that in 4. ¢vgnea, exposed to
25 ppb Cd, a steady state of organ distribution oc-
curred after five 1o six weeks of exposure (Hemel-
raad e7 gl 1983). Thus, starting from this time, the
distribution of Cd among the organs and within the

cells is constant, It is possible that a pre-steady
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Fig. 12, Contribution {in %} of P,-Cd to towa) cytosolic Cd in gill
(A) and kidney (B). in dependence of the exposure time, -C- A.
anating, 8- 4. cygned

state of subcellular distribution would have been
ohserved within the initial phase up to four weeks.
Clear differences appeared between the separate
srrans. Generallv, Od concentrations of the mito-
chondrisklysosomal and the microsomal fraciions
were amalier than those of the nuclear and eviosolic
ones. Whereas the amounts of nuclear and cviosehc
protein were nearly equal (40.59% = 1.8 -SEM- and
39.7% + 2.2 -3EM-, respectively), Cd amounts,
and hence Cd concentrations (on a protein base)
differed in these fractions. The largest difference
was found i ghs of 4. ¢ re and in mrdgut gland
of 4. cygrea. about 75% of total organ Cd was as-




sociated with the nuciear fraction and onby 20% was
i the cviosel.

The guestion arises as 1o the high nuclear Cd con-
centration in some cases as well as 10 the species-
dependent differences. Data concerning the subeel-
nilar Cd distribution in freshwater invertebrates are
tacking in the literaturc. In marine animals, strongly
diverging distributions have been observed. In
unexposed oysters 40509 of tolal Cd was found
in the nuclear or particulate fraction (Coombs 1979,
fulshamn and Andersen 1983z, Sharma 1983} In
Mytilus edulis, after short-term exposure, & consid-
erable amount of Cd was found associated with the
particulate fraction (Nolan and Duke 1983). By con-
trasi. very tow contributions of the nuclear fraction
were ohserved in unexposed M. edulis {Coombs
loc.cit.: Julshamn and Andersen 1983b) and in Mo-
diolus maodiolws (uishamn and Andersen 1983¢).

1t is possible that part of the Cd in the 500 g
sediment is bound to DNA. It has heen reported
(Wazalkes and Poirier 1984) that, in vitro, double
stranded DNA has high-affinity hinding sites for
Cd. On the other hand, the differing share of the
nuclear fraction in the celluiar Cd distribution
points to a variable composition of the 560 g pellet,
Unbroken cells and cell debsis will sediment at low
centrifugal force. In our experiments, the nuclear
fraciion was always contaminated with lysosomes
(AP activity) and mitochondria (SDH activity). The
latter ceil organelies contribute 10 & small extent in
view of the low Cd amount in the mitochondrial/
ysosomal fraction; this does not necessarily hold
for the lysosomes. These organelies may strongly
vary in size. Electron microscopical studies of An-
odonta kidney show that part of the lysosomal pop-
ulation, especially the residual bodies or tertiary iy-
sosomes, have dimensions comparable to those of
nuclei. If Cd is accumulated in such ““membrane-
Limited vesicles’”, as reported for M. edulis (George
and Pirie 1979 lanssen and Scholz 1979), then the
Cd amount will reach a high level in the 500 g sed-
irent.

Yet, another factor must be mentioned that may
influence the composition of the first sediment. In
gastropods { Abolins-Krogis 1958) and in the fresh-
water hivalve Ligumia subrostrala (Silverman ef al.
1983 exira- and iniracellular inorganic concretions,
slso called calcium grapules. OCCul. These particies
function as siorage sites of calcium and other es-
semtial minerals and play a role in calcium homeo-
ctasis. 1n addition, the granules could function in
cellular metal detoxification (Simkizs 1981}, In An-
odonia. also. considerable amounts of calcium
granutes are found in the gills (Steffens e/ al. 19853,
The contribution of the granules (© the storage of
Cd is under investigation,

Marginat differences between the Arodaonta spe-

}. Hemelraad e al.

cies were found in the cubceliular Cd distribution
in mantle and in kidney tissue. The highest contri-
bution of the cylosol was seen in the latter organ,
namely 50 to 60% of total organ Cd. This may he
refated to the storage function of the kidney: in
unexposed animals by far the highest concentration
of Cd was observed in this organ. At the onset of
exposition, the kidney was already provided with a
pool of cvtoplasmic Cd-binding proteins, Or syn-
thesis of these could be readily inducible.

Based on the results of the subcellular distribu-
tion. the organs examined can be grouped into three
classes. The first group is characterized by a dis-
tribution ratio of 63:35 for particutate and nonpar-
ticulate Cd (mantle and gills of A. cygnrea, mantle
and midgut gland of A. anating}. The second group
(midgut gland of A. cygned and gills of A. anating)
shows a more extreme ratio (about 80:20), with Cd
predominantty sssociated with the particulate frac-
tion. Here, & stronger involvement of membrane-
Limited vesicles (tertiary lysosomes} andfor calcium
granules in Cd sccumulation coutd be assumed. The
third group counsists of the kidneys in which more
than half of the total Cd amount is present in the
cytosol, This organ serves @ special rote in Cd
storage when anibient metal concentrations are well
helow the experimental one. No obvious correla-
tion has been found between cellular distribution
and organ accumulation.

Total cytosolic Cd was present in two peaks after
gel filtration: the void-volume peak (P and & peak
(P,) with an apparent molecular mass of 11 kD. No
Cd was found in the jow-molecular weight (LMW)
range. This pattern of d partition was independent
of exposure time, type of organ and species. Yery
simall amounts of Cd i the LMW fraction are com-
monty observed, for instance in exposed sea mussel
(Noél-Lambot 1976), 1 crab and shrimp (Olafson
et al. 1979) and in exposed Ostrea taria {(Sharma
1983}, In cases of a substantial Cd amount in the
LMW region, 2.g. in shrimp {Otafson e al. loc.cit)
and the oyster Ostred edulis (Julshamn and An-
dersen 19%3z), animals had not been exposed.

The second Cd peak was eluted at & V.V, ratio,
which is consistently found in the Sephadex G-73
chromatography of metallothioneins (MT), indi-
cating an apparent molecutar mass of about 1] kKD
This corresponds to a real molecular mass in the
range of 5-6 KD (Putido er al. 1966 Olafson ef al.
1979). 1t is, therefore, likely that in Anodornia MTE's
are synthesized, resembling those of vertebrates.

With respect to the Py contribution to total cy-
casotic Od. organ-specific and species-dependent
differences were observed, In gills (Figure 12A) and
alse in mantle and midgul giand {(not shown) the
percentage of Cd in P, increased with exposure
time, espacially during the first four weeks. Appar-
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ently. MT-synthesis must be induced in these or-
gans. By contrast. for kidney of either species the
percentage of Cd in P, did not change systemati-
cally in the course of the exposition (Figure 1B}
wost probably, the basis for this observation as well
as for the relatively large participation of the cvto-
colic compartment in sequestering Cd has to be
sought in the role of the kidney as the primary site
of accumulation when environmental Cd is low,
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