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ABSTRACT. Whole-body autoradiography (WBARG) and a multicompartmental model were used to 
describe, quantify, and compare the distribution kinetics over 48 h of trophic single doses of methyl- 
mercury (MeHg), tributyltin (But3Sn), and the corresponding inorganic ions, Hg(I1) and Sn(IV), in 
starfish Leptastenaspolans. The food consisted of homogenized mussel flesh spiked with 2 5 nmol g- '  
of 203HgC1,, CH3203HgC1, 'I3SnCl4, or ( B u ~ ) ~ " ~ S ~ C ~ .  The model presented differs from conventional 
multicompartmental pharmacokinetic models as compartment contents are related to the whole-body 
content rather than the concentration of metal species in a reference tissue WBARG indicated that 
transfer of labelled compounds from the stomach (Compartment E )  to pyloric caeca (Compartment C) ,  
and from pylonc caeca to the rest of the starfish (coelomic fluid, gonads, body wall, podia; Compart- 
ment R) proceeded mainly by transport via the pyloric ducts and by diffusion in the coelomic fluid, 
respectively, with a negligible contnbution from the haemal system. Pyloric caeca were the main sites 
of accumulation for inorganic Hg and Sn (61 to 63% of total content) at  steady-state while LMeHg was 
more evenly hstributed, each compartment accounting for one-third of the whole-body content. But3Sn 
content of starfish also tended to be more homogeneously distnbuted between compartments. Transfer 
of MeHg (rate constant al = 0.208 h- ')  from the stomach to pyloric caeca proceeded at a rate sinular to 
inorganic Hg(I1) and Sn(1V) (al = 0.196 and 0.178 h-', respectively) and was assumed to be mainly a 
passive process associated with food transport However, MeHg was transfered at  a faster rate (a2 = 
0 099 h- ')  from the pyloric caeca to the rest of the individual (coelomic fluld, gonads, body wall, podia) 
than inorganic Hg(I1) (a2 = 0.061 h- ') ,  this effect being associated to the facility of MeHg to cross bio- 
logical membranes But3Sn distribution kinetic was the slowest (al = 0.071 h- '  and a2 = 0.017 h - ' ) .  This 
result may be related to the strong bindlng capacity of But3Sn towards biological ligands and its low 
water solubility, coupled to other physical properties like sterical hindrance. Although organ distnbu- 
tions of MeHg and But3Sn at steady-state were rather similar, their kinetics were radically different, 
allowing a clear distinction between the 2 organometals. This finding enhances the necessity to con- 
sider the contaminant uptake problem from the point of view of both thermodynamic and kinetic 
approaches. The model developed in this work allowed the distinction between 2 transfer modes 
differentiated by their own chenucal mechanisms. Such a model could be  used for further studies on 
the distribution kinetics of trace metals, organometals, and other substances (like nutrients) in aquatic 
and terrestnal invertebrates. 
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INTRODUCTION 

Among organometallic compounds of particular 
environmental concern, methylmercury (MeHg) and 
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tributyltin (But3Sn) are the best studied species. MeHg 
is highly toxic and has been found to be the cause of 
several mass human poisonings in recent decades 
(Fujiki & Tajima 1992). Because of its ease of accumu- 
lation and its biological persistence, it is the main spe- 
cies of mercury found in aquatic animals (Bloom 1992). 
Environmental problems caused by But3Sn arise 
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mainly from its use in anti-fouling paints which release 
But3% directly into water (Clark et al. 1988). Very low 
But3Sn concentrations (10 to 20 ng I - ' )  can have sub- 
lethal effects on aquatic fauna (Smith & McVeagh 
1991), and although many countries have regulated 
the use of tin anti-fouling paints, recent measurements 
showed that But3Sn concentrations in water remain 
high in many locations (Smith & McVeagh 1991, Dow- 
son et al. 1992). Many studies have been conducted on 
the uptake of MeHg, But3Sn, and the related inorganic 
ions, Hg(I1) and Sn(IV), in aquatic organisms (Laughlin 
et al. 1986a, Zuolian & Jensen 1989. Riisgard & Hansen 
1990, Rouleau et al. 1992). However, most reports 
described their accumulation and distribution in differ- 
ent organs and tissues at different exposure periods 
with no attempt to fit the data to an appropriate kinetic 
model allowing the calculation of exchange rates 
between organs and tissues. 

The uptake rate of metal species from water, food 
or sediment can be characterized by a simple kinetic 
model using monoexponential equations to describe 
exchanges between the source of metal and the animal 
considered as  a whole (Bertram & Brooks 1986, Glynn 
1991, Hare et al. 1991). However, the body burden of a 
contaminant in an animal does not always behave as a 
kinetically homogeneous unit due to certain chemical 
and physiological phenomena (such as  the firm bind- 
ing of metal atoms to cell components or the slower 
perfusion rate of some tissues) (Spacie & Hamelink 
1985). Thus, more complex models are needed to 
describe the uptake and the distribution of metals in 
aquatic animals. 

Pharmacokinetic multi-compartmental models have 
been applied in the field of aquatic toxicology to study 
the absorption, distribution, and excretion kinetics of 
chemicals in fish (Barron et al. 1990). A compartment 
represents a group of tissues that are kinetically indis- 
tinguishable for a particular chemical. The amount Q 
of a chemical in a compartment i is related to its con- 
centration in a reference tissue, C,, by a proportionality 
constant called the apparent volume of distribution, V, 
and is given by the expression 

while material exchange between compartments is 
characterized by a first order rate constant, k;, and a 
clearance constant, Cl,, related to one another by 

Cl, = k, V, (2) 

Blood is generally used as a reference tissue because 
of its ease of collection and its ubiquitous contact with 
all tissues (Barron et al. 1990). In spite of the increa- 
sing use of the pharmacokinetic approach in environ- 
mental studies (Barron et al. 1993), pharmacoklnetic 
compartmental models have not yet been used to 

describe distribution kinetics of metal species between 
organs and tissues of marine invertebrates such as 
crustaceans and echinoderms. Furthermore, no previ- 
ous studies have simultaneously compared kinetic 
parameters and distribution of MeHg and But3% in a 
given aquatic animal under given environmental con- 
ditions as a function of their physical and chemical 
properties. To fill this gap, we compared the uptake 
and the distribution kinetics of these metal species in 
Leptastenas polaris, a 6-armed starfish widely distri- 
buted in the St. Lawrence Gulf and Estuary (Himmel- 
man & Dutil 1991). L. polaris has been used as a bio- 
logical model in our laboratory in long-term trophic 
transfer studies of MeHg (Pelletier & Larocque 1987) 
and But3Sn (Mercier et al. 1994). From these experi- 
ments, it was evident that MeHg and But3Sn content 
of starfish did not behave as a kinetically homoge- 
neous unit, thus pointing out the necessity for a multi- 
compartnlental model to adequately descnbe distribu- 
tion kinetics of these compounds within this marine 
invertebrate. However, we needed to find a suitable 
reference tissue prior to the use of a pharmacokinetic 
model. As most starfish, including L. polaris, have a 
reduced circulatory system (Ferguson 1982) too small 
and d~ffuse to be used for this purpose, we developed a 
model using the whole-body content of the studied 
compound as  the reference instead of its concentration 
in a reference tissue. The model has then been applied 
to characterize the 48 h distribution kinetics of trophic 
single doses of labelled MeHg, But3Sn, and corres- 
ponding inorganic ions, Hg(I1) and Sn(IV), into the 
starfish L. polaris. 

MATERIAL AND METHODS 

Experiments. Starfish weighing 95 + 39 g (n = 128, 
size range 40 to 240 g) were caught at Pointe-au-Pere 
harbour, in the St. Lawrence Estuary, in May to June 
1991 and 1992. Before experiments, specimens were 
kept in running seawater and fed ad libitum with live 
blue mussels. Starfish were acclimated for 3 d to labo- 
ratory conditions prior to experiments (S = 25.9 * 0.8 %o, 
T = 5 + 1°C). The food consisted of homogenized mus- 
sel flesh contaminated with 2.5 nmol g - '  of 203Hg(~~) ,  
CH3'03Hg(II), "3Sn(~V) or B ~ t ~ l ' ~ s n ( I V ) ,  corresponding 
to 0.5 pg Hg g- '  or 0.3 pg Sn g-l. Labelled '03HgC12 in 
1 N HCl (specific activity 0.7 mCi mg- ' )  was purchased 
from Amersham. Labelled CH3'03HgC1 was synthe- 
sized from radioactive inorganic mercury according to 
Toribara (1985). Inorganic Il3Sn(IV) was purchased 
from Amersham and NEN-Dupont (specific activity 
2.9 and 13.5 mCi mg-l, respectively) as hexachloro- 
stannate dissolved in 6 N HC1. Labelled tributyltin 
chloride ( B u ~ ~ " ~ S ~ C I )  was synthesized according to 
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Rouleau (1994). Briefly, inorganic "3Sn(IV) was ex- 
tracted in diethylether and reacted with ButMgCl to 
give But4'13Sn. Labelled tributyltin chloride was then 
obtained from the following reaction: 

MeOH 85% 
But,l13Sn + HgClz + But3'13SnC1 + ButHgCl (3) 

Tributyltin was isolated from the reaction mixture by 
successive extractions with hexane and aqueous 
Na2S203 (to remove butyln~ercury chloride) and dis- 
solved in ethanol prior to use. Radioactive tributyltin 
chloride obtained was 98 % pure (as confirmed by thin 
layer chromatography). 

Contaminated food was directly injected through the 
mouth into the stomach of starfish (1 g food/100 g wet 
body weight, * 10 %). After food injection, starfish were 
placed in 4 1 beakers containing 3.5 1 of UV-sterilized 
and aerated natural seawater and allowed to stand for 
1 , 2 , 4 , 6 , 8 ,  12, 16,20,24,36 or 48 h. Three starfish were 
used at each sampling time. The starfish were briefly 
rinsed in clean seawater, coelomic fluid was sampled 
with a syringe, and mouth, stomach, pyloric caeca, go- 
nads, podia, and body wall were dissected out. Tissue 
samples were weighed and their radioactivity deter- 
mined by gamma counting with a LKB 1272 Clin- 
igamma@ counter. Rectal caeca and stomachal content 
were not separated from stomach tissues but counted 
with it. Tissues constituting the mouth were those asso- 
ciated with the opening. The podia were counted with 
the skeletal plates of ambulacral grooves and ampulla 
attached. The axial gland was dissected and counted 
separately. Radioactivity counts were corrected for the 
background level and the decay of isotopes and con- 
verted to nmol of Hg or Sn. Mercury and tin contents of 
organs and tissues of starfish calculated from radio- 
activity measurements were used to calculate experi- 
mental parameters of compartmental models. 

At t = 6, 16 and 48 h,  2 additional starfish were used 
for whole-body autoradiography (WBARG) according 
to the technique developed by Ullberg et al. (1982). 
Leptasterias polaris individuals were embedded in a 
carboxymethyl cellulose gel and frozen in a slurry of 
hexane and dry ice. Embedded starfish were sectioned 
(40 pm) on tape (3M, type 810) in the radial or trans- 
versal planes with a specially designed cryomicrotome 
(LKB 2250 PMV) at -20°C. Sections were then freeze- 
dried at -20°C for 48 h and applied to a regular X-ray 
film (AGFA Structurix) for 203Hg or ~yperfilm-3H 
(Amersham) for n3Sn. After a 4 mo exposure at  -20°C, 
the films were processed as recommended by the 
manufacturer. Images of whole-body autoradiograms 
shown in Figs. 6 to 8 were obtained by printing on 
photographic paper Ilfospeed Multigrade 11. 

Hg speciation in the pyloric caeca of starfish 24 and 
48 h after the injection of MeHg-contaminated food 

was determined. Approximately 1 g of pyloric caeca 
was sampled from each individual. These samples 
were digested in 5 m1 of 45 % (w/v) KOH and 1 m1 of 
1 % (w/v) cysteine for 1 h at 80°C. After the solution 
had cooled, its radioactivity was determined (total Hg). 
Then, a sub-sample was added to 8 M urea, mixed, and 
allowed to stand for 10 min. A total of 2 m1 of 0.5 M 
CuSO, and 2 m1 of concentrated hydrochloric acid 
were added. This mixture was extracted with toluene, 
the radioactivity of the aqueous phase was measured 
(inorganic Hg), and the percentage of MeHg calcu- 
lated. This method ensured a quantitative recovery of 
MeHg (>g8 %) (Rouleau et  al. 1992). 

Description of 2- and 3-compartment models. Based 
on the food pathway in the starfish (Jangoux & 
Lawrence 1982), 2- and 3-compartment models (Fig. 1) 
were defined and used to characterize observed distri- 
bution kinetics. In the 2-compartment model, Com- 
partment E consists of the mouth, stomach, and rectal 
caeca while Compartment CR includes the pyloric 
caeca and the rest of the individual (gonads, body 
wall, podia, and coelomic fluid). In the 3-compartment 
model, the pyloric caeca and the rest of individual 
constitute 2 separate compartments, named C and R ,  
respectively. Exchanges between compartments are 
characterized by 4 rate constants; klz,  kzl ,  k23, and k3Z. 
Metal loss from the compartments to the outside is 
characterized by 2 rate constants, k,, stands for defeca- 
tion by rectal caeca during digestive process, and k, 
stands for excretion with metabolic wastes. 

When elaborating mathematical expressions for 
these models, the following assumptions were made: 
(1) instantaneous distribution of chemicals entering a 

Fig. 1. Leptasterias polaris. 2- and 3-compartment models 
used in this study. Rate constants k,, and k, characterize metal 
loss kinetic with feces (defecation) and metabolic wastes (ex- 
cretion), respectively, while rate constants kI2, kZl, k23, and k32 
characterize exchange kinetics of metal species between 
compartments. E: mouth + stomach + rectal caeca; C :  pyloric 
caeca; R: rest of individual (gonads, body wall, podia, 

coelornic flmd); CR: C + R 
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compartment to all the tissues forming the compart- 
ment; (2) linear distribution of chemicals in every tis- 
sue associated with a compartment, with concentra- 
tions directly proportional to the amount of chemicals 
in the whole compartment; (3) first order transfer 
kinetic of chemicals from a compartment directly pro- 
portional to the concentration in the compartment, rate 
constants being fractional removal rates per unit of 
time; (4) negligible defecation during the digestive 
process; ( 5 )  no change in speciation of chemicals dur- 
ing the course of the experiment. 

The first 3 assumptions are common to most com- 
partmental models (Barron et al. 1990). As the instan- 
taneous distribution was of prime importance in this 
particular model development, WBARG was used to 
monitor the digestive process of the starfish and to 
localize labelled metal species in diffuse and tiny 
anatomical structures. The fourth assumption is 
related to the particular physiology of asteroids. Since 
digestion of food is very complete in asteroids and little 
feces are defecated (Jangoux & Lawrence 1982), k,, 
was considered as negligible in the present short-time 
experiments. The fifth hypothesis is an intrinsic condi- 
tion to these models as no attempt was made to intro- 
duce chemicals parameters at the present time. 

For the 2-compartment model, if k, can be consi- 
dered small relatively to k l z  and kZ1 ,  expressions for E 
and CR, which represent the quantity of a given metal 
species at time t in Compartments E and CR, respec- 
tively, can be written: 

where Q. is the total quantity of the metal species at 
t = 0, and p is the sum of rate constants k I 2 ,  kZ1 and k, 
(Rouleau 1994). Typical curves for this model are pre- 
sented in Fig. 2A. They show the gradual transfer of 
the initial quantity of metal (Qo) from Compartment E 
to Compartment CR. As there is a net loss from the 
system by excretion, the quantity of metal in compart- 
ments will reach zero at  t = m. 

However, the quantity of metal species at time t in 
compartments is directly dependent upon the initial 
quantity absorbed with food, Qo. Due to the variable 
size of starfish and the use of a constant 'quantity of 
food/total body weight' ratio, Q,, was sometimes quite 
different from one individual to another, resulting in 
high variability of calculated kinetics parameters. This 
problem was circumvented by plotting the proportion 
of the total body burden of metal contained in each 
compartment [ E / ( E  + CR) and CR/(E + CR)] versus 
time. In t h ~ s  way, the total metal content (E + CR) is 
always equal to 1 and a plateau is reached in both 

Time 

Fig. 2. (A) Typical curves for the variation of the quantity of 
metal in a 2-compartment model according to Eqs. (4) & (5). 
(B) Typical curves for the variation of the proportion of whole- 
body content of metal in a 2-compartment model. Con- 
tinuous lines are for Compartment E and dotted lines for 

Compartment CR 

compartments after a given time (Fig. 2B), illustrating 
the steady-state of the relative distribution despite the 
continuous loss of metal from the system. It can also be 
shown that the distribution and time needed to reach 
its steady-state are independent from k, (Rouleau 
1994). Furthermore, expressing experimental data as a 
proportion of the whole-body content avoids the need 
for a reference tissue, the whole-body content being 
the reference itself. 

Such an approach allows us to relate the present 
model to existing pharmacokinetic compartmental 
models as the proportion of the whole-body content 
of Compartments E and CR (E and CR) can be related 
to the apparent volume of distribution defined in 
Eq.  (1): 

Vm - CRC, CR - - - - - = C R  
vw Cr Q Q 

where VE, VCR, and Vw are the apparent volumes of 
distnbution of Compartments E and CR, and of the 
whole animal, respectively. 
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The size of V for a given compartment, and thus the 
proportion of the metal body burden, depend on the 
animal species, the anatomical volume, and the chem- 
ical's partitioning and binding to tissues (Barron et al. 
1990). Wet weights of adult starfish compartments 
were quite variable (Table 1) .  However, when the pro- 
portion of one compartment toward the total body 
weight was expressed as a percentage of the total 
weight, the variability was strongly reduced indicating 
that the relative size of each compartment was quite 
constant and independent from the whole-body size 
within the sampled size range. Thus, the distribution of 
metal species can be considered here as independent 
from the specimen size. As variations of metabolism 
can affect the uptake and distribution of trace metals in 
aquatic organisms (Depledge & Rainbow 1990), ex- 
periments were conducted only on a short-time scale 
(48 h), under rigorously controlled environmental 
conditions, and during the same season of the year to 
minimize any possible metabolic effects. 

As metal distribution is independent of k,, both 
models are reduced to: 

k12 + 2-compartment model: E < k2, CR 

k12 kz3 3-compartment model: E < 
k2 I C ( k32 

: CR 

For a 2-compartment model, expressions for E and 
CR can be written: 

where EsS and CRss are values of E and CR at steady- 
state and al (the sum of klZ and k21) is the rate constant 
characterizing the rate at which steady-state is 
achieved. Values of EsS, CRss, and a, were calculated 
from experimental data by non-linear least square 
regression analysis using STATGRAPHm. Apparent 
distribution rate constants k12 and k2, were then cal- 
culated as following: 

To simplify mathematical expressions of E, C, and R 
(the proportion of the whole-body content in these com- 
partments) versus time, the 3-compartment model was 
considered as a true catenary model in which compart- 
ments arranged in a row are connected in series only to 
their nearest neighbours (DiStefano & Landaw 1984), 
which means that exchanges between Compartments E 
and R were negligible. Thus, the equation for E already 
developed for the 2-compartment model (Eq. 8) also 
holds for the 3-compartment system. The mathematical 

Table 1. Leptasteriaspolaris. Wet weight of starfish compart- 
ments and their percentage of total specimen wet weight. 

Values are means * SD (n = 128) 

Wet weight (g) % total weight 

Compartment E 4.5 t 2.1 4.7 * 1.0 
Compartment C 8.6 * 4.5 8.9 * 2.6 
Compartment R 82.2 * 33.0 86.4 * 2.7 

Whole individual 95.3 * 38.6 100.0 

expression for R becomes similar to the second com- 
partment of the 2-compartment model (Eq. g), giving: 

where a2 is the sum of kZ3 and k32. AS the total body 
content is always equal to 1, C = 1 - E - R and the 
following expression can be derived for C: 

Values of ESs, CsS, Rss, a l ,  and a, were again estimated 
from experimental data, and apparent distribution rate 
constants were calculated as following: 

RESULTS 

Experimental data and fitted curves for the 2- and 
3-compartment models are presented in Figs. 3 & 4, 
respectively. In all cases, experimental data agreed 
well with regression curves, as r2  values are 20.7, 
except for Compartment R in the experiment using 
inorganic Hg(I1) and Compartment C with MeHg, 
which exhibit r2 below 0.6 (Table 2). A random varia- 
tion was observed between measured and model- 
predicted values, and the sum of squares of deviations 
was low for all curves (Table 2). 

2-compartment model 

Distribution kinetics of inorganic Hg(I1) and Sn(IV) 
were almost identical (Fig. 3). The time interval needed 
to decrease the proportion of metal content in Com- 
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Table 2. Values of r2 of fitted curves for the 2- and 3-compart- 
ment models and sums of squares (SS) of deviations between 
observed and predicted values, for Compartments E, CR, C 

and R 

r2 SS of dev~atlons 
E C R C R  E C R  

Hg(I1) 0.86 0.85 0.81 0.54 0.51 0.42 0.17 
MeHg 0.77 0.78 0.51 0.72 0.40 0.27 0.19 
Sn(1V) 0.96 0.96 0.90 0.68 0.20 0.36 0.10 
But3Sn 0.92 0.97 0.90 0.75 0.41 0.46 0.08 

partment E by 50% was approximately 5 h. Steady- 
state dstribution was almost achieved 24 h after food 
injection. Values of Ess and CRss (Table 3) were 
similar, as 87 to 89% of the inorganic H g  and Sn con- 
tents were found in the Compartment CR. The value of 

the rate constant a ,  was also similar for both metals 
(Table 3). Values of apparent distribution rate con- 
stants k,, and k,, calculated from Eqs. (10) & (11) have 
similar values for both inorganic Hg and Sn (Table 4),  
and the kI2/k2, ratios were higher than 6. 

Rate of transfer of MeHg was rather similar to inor- 
ganic Hg and Sn, as the value of E decreased by 50 % 
within 7 h after food injection and steady-state distri- 
bution was reached after 24 h .  However, less MeHg 
was transferred between compartments; ESs and CRss 
values were, respectively, 3 times higher and 1.4 times 
lower than those found for inorganic Hg and Sn 
(Table 3).  Rate constant a, had a value similar to those 
found for inorganic Hg and Sn. However, k,, and k2, 

were, respectively, lower and higher than for both 
inorganic ions (Table 4),  resulting in a k,,/k,, ratio of 
only 1 .?. 

Time (h)  

Fig. 3. Leptasterias polaris. Distribution klnetics of MeHg, But3Sn, and inorganic Hg(I1) and Sn(IV) in starflsh uslng the 
2-compartment model. Data points are means z SD (n = 3). (-) Compartment E (mouth, stomach, and rectal caeca); 
( 0 .  . . . o) Compartment CR (pyloric caeca and the rest of individual). Fitted curves were obtained by non-hnear regression analy- 

sis using Eqs. (8) & (9) 
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Table 3. Leptasterias polaris. Values (i SE) of distribution parameters and transfer rate constants calculated from experimental 
data by non-linear regression analysis for the 2- and 3-compartment models 

fss CRss Css Ass QI a2 
- -- 

Hg(II) 0.134 Â 0.034 0.869 Â 0.034 0.608 + 0.030 0.260 Â 0.027 0.196 + 0.028 0.061 Â 0.015 
MeHg 0.375 2 0.030 0.622 Â 0 030 0.31 I t 0.024 0.319 Â 0.024 0.208 Â 0.037 0.099 Â 0.020 
Sn(IV) 0.114 s 0.022 0.886 Â 0.022 0.626 Â 0.026 0.259 Â 0.013 0.178 Â 0.015 0.413 Â 0 103 
But@ 0.200 Â 0.039 0.799 3: 0.039 0.419 Â 0.042 0.368 Â 0.038 0.071 Â 0.008 0.017 Â 0.002 

The most striking feature of But3Sn distribution kinetic 
was its slowness. The value of E was reduced by 50% 
after only 14 h, and the regression curve did not reach a 
plateau during the course of our experiment. Rate cons- 
tant a ,  exhibited a value 2.5 to 3 times lower than for the 
other metal species. Values of Ess and CRss fell between 
those of MeHg and the inorganic ions. Apparent distri- 
bution rate constants k12 and k2! were also the lowest ob- 
served, and the ratio of rate constants, kl2 /kZl ,  reached 4. 

3-compartment model 

Quite similar regression curves were recorded for 
inorganic Hg(I1) and Sn(IV) although Sn(IV) in Com- 
partment C reached a plateau much earlier ( t  = 10 h) 
than Hg(I1) (Fig. 4 ) .  A maximum, slightly higher than 
the final value, was observed in Compartment C of 
both inorganic Hg(I1) and MeHg. Css and Rss values 
(Table 3) showed that 61 to 63% of inorganic Hg(I1) 
and Sn(IV) were found in Compartment C at steady- 
state while 26% of the metal content was present in 
Compartment R. Although the values of rate constants 
characterizing the transfer between Compartments C 
and R were lower for inorganic Hg than inorganic Sn 
(a2,  k23, and kw Tables 3 & 4) ,  both ki^/k37 ratios were 
equal to 0.4 (Table 4). As expected from model 
equations, values for k,-> and k2, calculated by the 2- 
compartment model were different from those calcu- 
lated from the 3-compartment model (Table 4).  

MeHg was remarkable by its even distribution 
between compartments at steady-state; values of Ess, 
Css and Rss were all within the range 0.31 to 0.38 

(Table 3).  The value of a2 was 60% higher than the 
corresponding value for inorganic Hg. Values calcu- 
lated for ki2 and k2,  were rather different from those 
found for the 2-compartment model leading to a k I 2 / k 2 ,  
ratio of 0.8. Rate constants k2; and k3Z were similar 
(Table 4), resulting in a k^/k^ ratio of 1. 

The slow rate of transfer of But3Sn between compart- 
ments was evidenced by the 3-compartment model. 
Steady-state distribution was not achieved after 48 h as 
predicted values of E, C and R a t  that time (0.24, 0.52, 
and 0.24, respectively) were different from those of Ess, 
Css and Rss (Table 3). The value of a2 for But3Sn was 
the lowest observed. Rate constants k23 and k x  were 
almost equal (Table 4),  and the k2-3/k3 ratio was close to 
1, as  observed for MeHg. Ratios k12/k2 ,  calculated from 
2- and 3-compartment models differed by 2 units. 

The distribution of metal species in organs and tis- 
sues forming the Compartment R, expressed as their 
percent contribution to the total metal content in R, 
was examined in detail (Fig. 5). Average values (Â SD) 
for each metal and each tissues are given in Table 5. 
No clear trend as a function of sampling times can be 
observed for any tissues or metal species. The contri- 
bution of some organs was sometimes highly variable 
in the first few hours (1 h, 2 h ,  4 h) of experiments, but 
individual values tended toward average values as 
elapsed time increased. This almost constant distribu- 
tion of metal species within Compartment R indicated 
that these tissues actually constituted a kinetically 
homogenous unit, according to the assumption of 
linear distribution. The inorganic Sn  content of the 
coelomic fluid was much higher relative to the other 
metal species (Table 5). 

Table 4. Leptasteriaspolaris. Values of 4 apparent distribution rate constants (k12, k21, ky, and k32, h-'J calculated from Ess, CRss, 
Css, Rss, air and a; for the 2- and 3-compartment models 

2-compartment model 3-compartment model 
ki2 k2 I kn/k21 k12 k2 1 knIk21 k23 k32 k231k32 

Hg(l1) 0.170 0.026 6.5 0.160 0.036 4.4  0.018 0.043 0.4 
MeHg 0.130 0.078 1.7 0.094 0.114 0.8 0.050 0.049 1 . O  
Sn(IV) 0.158 0.020 7.9 0.151 0.027 5.6 0.121 0,292 0.4 
But3Sn 0.057 0.014 4.1 0.048 0.023 2.1 0.008 0.009 0.9 
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Time (h)  

Fig. 4 .  Leptasterias polaris. Distribution k inet~cs  of MeHg, But,Sn, and inorganic Hg(I1) and Sn(IV) in starfish using the 
3-compartment model. Data points a r e  means t SD (n = 3) Fitted curves were obtained from non-linear regression analysis 
with Eqs. (8), (12) & (13). Compartment E consists of mouth, stomach, and  rectal caeca, Compartment C of pyloric caeca, and 

Compartment R of the rest of the individual (coelomic fluid, gonads, body wall, podia) 
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C.F Gonads Body wall Podia 
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C.F Gonads Body wall Podia 
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Fig. 5. Leptasteriaspolaris. Distribution of metal species in organs and tissues forming Compartment R. Each bar represents the 
percentage of total metal in R (mean % * SD, n = 3) for a given sampling interval. Each group of bars contains all the sampling 

intervals for a given tissue (from left to right: 1, 2 .4 ,  6. 8. 12, 16, 20, 24, 36, and 48  h). C.F.: coelornic fluid 

Whole-body autoradiography 

Autoradiograms of starfish fed with labelled food are 
shown in Figs. 6 & 7. Food content of the stomach 
accounted for most of its labelling in starfish sampled 
6 h after injection of food, while pictures at 16 and 48 h 
show that labelling of this organ resulted mostly from 
radioactive isotopes incorporated in the tissues. The 
intense labelling of the pyloric ducts, particularly 
visible in Figs. 6A, 6F & ?F, confirmed that transport 

of metal species from the stomach to the pyloric caeca 
occurred mainly by this route. No labelling of tissues 
surrounding the stomach was visible, indicating the 
probable low direct diffusion from the stomach to the 
internal cavity. The rectal caeca were rather difficult to 
observe because they are small and often mingle with 
stomach tissues. The highly labelled structures in the 
stomach region in Fig. 6B may be related to rectal 
caeca, although it was not possible to undoubtedly 
identify them on this radial section. An autoradiogram 
showing a good picture of the rectal caeca was 

Table 5. Leptasterias polaris. Average percent contribution of 
obtained from a starfish sampled after 16 h (Fig. 7B). 

organs and tissues to the total metal content of Compartment this autoradiogram (Fig. 8, 
R. Values are means * SD of all samphng intervals a more intense labelling of the rectal caecum wall com- 

pared to the lumen, which may be indicative of the 

latter. However, it should be mentioned that it was not 

% of Compartment R content 
Coelomic fluid Gonads Body wall Podia 

Hg(ll) 6'0 * 6'5 l2 * 5.2 44'1 * 7'4 37'1 * 
MeHg 3.8 i 7.7 17.0 * 11 8 45.0 * 9.9 34 .3  i 8 .3  
Sn(1V) 2 5 . 5 i 6 . 9  7 . 8 t 7 . 4  4 3 . 5 k 9 . 5  2 3 . 1 i 6 . 1  
But3Sn 2.4 i 2.8 8.4 * 5.9 52.1 t 10.0 37 1 * 8.3 

absorption of the metal transported in this organ. 
Pyloric caeca were highly labelled for all metal 

- ~ 

species at all sampling times, and labelling was uni- 
formly distributed along these organs indicating that 
isotopes transported from stomach to pyloric caeca 
were rapidly distributed in the whole tissue mass of the 
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RECTAL CAECUM 
/ \ 

WALL LUMEN 

STOMACH PYLORIC CAECUM 

Fig. 8. Leptaslenas polaris Enlargement of Fig. 7B showing 
stomach and rectal caecum labelling in a starflsh fed with 

inorganic Sn(1V)-contaminated food 

possible to make a distinction between extracellular 
isotopes and Isotopes absorbed within tissues. The 
labelling of gonads, body wall, and podia was very 
low, even 48 h after the injection of food, when ap- 
proximately 3 0 %  of the isotopes administered were 
localized in Compartment R (Table 3). However, iso- 
topes were distributed in a compartment representing 
more than 8 5 %  of the total wet weight (Table l), and 
the dilution effect was responsible for such a low 
labelling. No evidence was found for the labelling of 
the haemal system in any autoradiograms examined. 
Furthermore, radioactivity of individual axial glands 
was below the detection limit most of the time. 

Finally, it is noteworthy that Hg species determined 
by selective extraction in the pylonc caeca of starfish 
injected with MeHg-contaminated food showed that 
MeHg accounted for 98 to 100% of total Hg in these 
organs (mean ? SD = 99.1 2 0 . 8 % ,  n = 6 ) .  

DISCUSSION 

Model validation 

Both 2- and 3-compartment models were used to 
descnbe kinetics of exchange of tin and mercury spe- 
cies between organs and tissues of a marine inverte- 
brate (Lep tas tenas  polaris). Kinetic parameters were 
calculated from a series of 4 experiments using as 
many as 33 starfish for each of them. To our know- 
ledge, this study represents the first attempt to quan- 

tify and compare the exchange rates of some organo- 
metallic species between biological compartments in 
invertebrates. As mentioned in the description of the 
models, 5 assumptions concerning the distribution 
mode, kinetics, metal loss, and chemical speciation 
were made. Both hypothesis about instantaneous and 
linear distribution were clearly confirmed by the cons- 
tant distribution of metal in Compartment R, and by 
autoradiograms showing homogeneous labelling of 
pyloric caeca a few hours after contamination, indicat- 
ing that chemicals entering the starfish via the stomach 
were distributed very rapidly and linearly within each 
studied compartment. The low and negligible excre- 
tion of mercury species by starfish within a 24 h expo- 
sure period was first observed in a study conducted 
by Maheu & Pelletier (1994) on excretion rates of 
inorganic 203Hg(II) and CH3203Hg(I~) taken from con- 
taminated food. Less than 10% of ingested labelled 
mercury was found in surrounding seawater after 24 h. 
In the present series of experiments, no feces or partic- 
ulate suspended matter were observed and the high 
labelling of the rectal caeca1 walls is indicative of the 
high absorption capacity of these organs; labelled 
compounds were thus retained within Compartment E. 
Values of r2 of fitted curves for both compartmental 
models and sums of squares of deviations between 
observed and predicted values provide a clear quanti- 
tative indication of the validity of the approach used to 
model experimental results. In addition, estimated 
kinetic parameters have relatively low standard errors 
(Table 3), and their values are realistic and consistent, 
as the sum of Ess + Css + RSs (assumed to be equal to 1) 
actually ranged from 0.99 to 1.01, supporting strongly 
the third assumption about first-order kinetics. 

Methylation of inorganic Hg(I1) is a slow bacterial 
process which is not likely to have occurred in starfish 
tissues during this short-term experiment. Further- 
more, measurements of O/O MeHg undoubtedly showed 
that demethylation of MeHg did not occur in the 
pyloric caeca. A previous study on the trophic accumu- 
lation of But3Sn in Leptasterias polaris showed that a 
small percentage of the product undergoes debutyla- 
tion only 11 d after the beginning of contamination 
(Mercier et al. 1994). The fifth assumption of the model 
may have been violated in the case of inorganic tin, as 
its speciation appeared to have been changed during 
the course of this experiment. SnC1, is stable at high 
chloride concentrations ([Cl-] > 0.9 M) as the hexa- 
chlorostannate anion. At lower chloride concentra- 
tions, SnCls2- is rapidly hydrolysed to various forms of 
hydrated tin(1V) oxides, producing very insoluble and 
unreactive species (Pascal 1963). As the salinity of sea- 
water used was 26% (i.e. [Cl-] = 0.45 M) and the fluid 
filling the starfish internal cavity is isosmotic with sea- 
water, partial or even complete hydrolysis of "'3SnC1, 
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added to food may have occurred during the digestive 
process. Thus, distribution kinetics of Sn(1V) reported 
in this work might not be representative of SnC1, but 
rather of a mixture of species including hydrolysed 
forms of Sn(1V) and should be interpreted cautiously. 

Interpretation of kinetic data 

As model assumptions appear to be valid within the 
limits of our present knowledge and curve fitting pro- 
vided satisfactory results, distribution kinetics can be 
compared and interpreted in a quantitative way keep- 
ing in mind the restrictions mentioned above for 
inorganic tin species. 

The transfer of metal species between compartments 
results from many steps involving both intra- and inter- 
compartmental processes. The overall rate of such a 
multi-step phenomenon, i.e, the time needed to pro- 
ceed from initial to final conditions, is controlled by 
its slowest step. In present models, the rate at which 
steady-state is achieved between compartnlents is 
related to the rate constants a, and a2, which are equal 
to (kI2  + k2,) and (k2, + k32), respectively, while the dls- 
tribution is related to the value of the ratio of individual 
rate constants. This means that the time needed to 
reach a steady state is independent of the distribution 
of the metal. Thus, the transfer of 2 given compounds, 
X and y, may reach steady-state in the same period of 
time (a,, = a,, or kI2, + k21x = k12, + k2,J even if their 
distribution is different (k12,/k2,, + kI2,/k2,,). Values 
measured for a, and a2 are first introduced and distrib- 
utions are discussed thereafter. 

The rate at which steady-state is reached for the 
transfer of metal species from Compartment E to Com- 
partment C is characterized by the rate constant a,, the 
driving force being the inward current produced by 
cells of the stomachal walls. The rate constant a, char- 
acterizes the rate at which steady-state is reached for 
the transfer of metal species from Compartment C 
toward Compartment R, a process involving cellular 
translocations. Muscular movements and other forces 
maintain well-mixed conditions within the coelomic 
fluid (Ferguson 1982). Assuming that metal species 
adsorbed on tissue surfaces exposed to coelomic fluid 
and within the coelomic fluid are at equilibrium at  any 
time and that absorption and distribution of digestive 
products occur at approximately the same rate in each 
exposed group, the translocation of metal species from 
the tissular mass of the pyloric caeca toward the 
coelom is likely the key process of the transfer between 
these 2 compartments. Such a translocation involves 
passage across the biological barrier formed by pyloric 
caeca1 diverticulea thin walls, which are made up of an  
internal digestive epithelium and an external cuboidal 

niesothelium separated by a very thin connective layer 
(Jangoux & Lawrence 1982). Contributions from other 
possible routes of translocation are probably negligible, 
as autoradiograms showed no labelling of structures 
such as the haemal system. 

As both organometallic and inorganic metal species 
were submitted to the same driving force when moving 
from Compartment E to C ,  values of a, should be simi- 
lar and related to the transfer rate of food if this process 
is the slowest and,  thus, the determining step. We 
found that a, had similar values for MeHg and inor- 
ganic Hg and Sn. The transfer rate of food has not been 
measured directly, but visual inspection showed that 
few food particles remained in the stomach 12 and 16 h 
after the initial ingestion of food, and usually none 
after 24 h for the 4 treatment groups. When time 
needed to achieve 95 % of the distribution steady-state 
was calculated (to9, = -(ln 0.05)/a1),  values of to,95 

found for MeHg and inorganic Hg and Sn ranged from 
14.4 to 16.8 h.  As their transfer rates are almost the 
same in spite of their very different structure and 
chemical properties, their transport mode toward 
pyloric caeca was assumed to be mainly passive and 
associated with that of food. 

Surprisingly, the transfer rate of But3Sn from the 
stomach to pyloric caeca was slower than MeHg, indi- 
cating that food transfer was apparently not the rate- 
limiting process. Interactions of organotins with bio- 
logical systems have been investigated by Musmeci 
et al. (1992), who observed that at  physiological pH 
in aqueous phase trialkyltin compounds reacted with 
thiol groups of erythrocytes, haemoglobin, and DNA 
forming Sn-S bonds. Tin atoms further formed coordi- 
nation bonds with electron donors present in the vicin- 
ity of the Sn-S binding. This particular affinity for thiol 
groups is also a well-established chemical property of 
MeHg, but it does not form coordination bonds with 
electron donors (in the absence of an  empty sp orbital) 
(Carty & Malone 1979). Furthermore, MeHg is rather 
soluble in seawater (octanol/water partition coefficient 
KO,, = 1.7 ? 0.2) (Major & Rosenblatt 1991) whereas 
But3Sn exhibits a quite low seawater solubility (K,,, = 

5000 to 6300) (Laughlin et  al. 1986b). It is likely that 
But3Sn desorbing from food during the digestive 
process readily bound to the biological components of 
the stomach walls from where its removal was limited 
by its particular binding mode and its low solubility in 
seawater, thus resulting in a much slower translocation 
rate when compared to MeHg. 

If crossing epithelia was the key step of metal spe- 
cies translocation from Compartment C to R ,  their ease 
of permeation should have been reflected in their 
kinetic results. Permeation mechanisms of inorganic 
metal ions are relatively well established (Simkiss & 
Taylor 1989) whereas organometallic ions have re- 
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ceived much less attention. The general model pro- 
posed for trialkyltin cations (R3Sn+) suggests that they 
cross membranes as neutral species once bound with 
an aqueous anion (Bjerrum 1983). In the case of Hg 
compounds, rapid diffusion of neutral species (HgC12, 
CH3HgCl) seems to be the primary transport process 
(Rothstein 1981, Bienvenue et al. 1984). The value of a, 
seems to be dlrectly related to the speciation of mer- 
cury compounds, as MeHg is almost completely found 
as the neutral methylmercury chloride species in sea- 
water and the a2 value was higher for MeHg than for 
inorganic Hg, which is mainly present in the form of 
HgC13- and HgC142- anions (Shin & Krenkel 1976). 
Although the mivture of tributyltin species in seawater 
is dominated by neutral chloride and hydroxide spe- 
cies together with a hydrated complex (But3SnOH2+) 
and carbonated species (Laughlin et al. 1986b), the a2 
value of But3Sn was the lowest one. As indicated for 
the transfer rate between Compartments E and C, its 
strong binding to cell components, its lipophilicity, or 
its sterical hindrance (Barron 1990) may render the 
transfer of this compound to extra- and intracellular 
aqueous phases more difficult, resulting in a slower 
translocation rate between Compartments C and R. 

The value of a2 for inorganic Sn(IV) was unexpec- 
tedly high. It may indicate a really fast transfer from 
Compartment C to R ,  but this result seems better 
explained by a speciation change of Sn(IV) due to 
hydrolysis. High tin content found in the coelomic fluid 
(Table 5) indicates that inorganic Sn reaching the 
coelomic fluid was not efficiently transferred to the 
surrounding tissues. As the coelomic fluid is part of the 
Compartment R ,  the high value of a2 seems to be a bias 
of the model and is probably due to an interruption of 
the transfer of Sn(IV) arising from the transformation of 
chlorotin(1V) species to 'hydrolysed-unexchangeable' 
tin(1V) species. 

A striking feature of these results is the even steady- 
state distribution of organometals between compart- 
ments compared to their corresponding inorganic ions, 
resulting in a ratio of apparent individual rate cons- 
tants tending toward unity (Table 4) .  Among other 
factors, the metal partitioning between compartments 
at  the steady state depends thermodynamically upon 
the properties of the tissues which constitute the com- 
partments (like the quantity and the quality of avail- 
able binding sites and the lipid content) and upon the 
chemical and physical properties of metal species (like 
the affinity for specific binding sites and the water/ 
lipid partitioning). The similarity of the distribution of 
MeHg and But3Sn might be explained by some simi- 
larities of their chemical and/or physical properties. 
For example, both compounds bind primarily to SH- 
groups of living tissues. I t  is also known that MeHg is 
quickly transferred from one thiol group to another 

(Rabenstein et al. 1983), a chemical property explain- 
ing its lability in living organisms compared to inor- 
ganic Hg(I1). Both MeHg and But3Sn are also liposolu- 
ble, but to a very different extent. Lipid partitioning is 
an important factor to consider when studying uptake 
of But3Sn in living organisms (Laughlin et al. 1986a), 
and the higher value of kI2/k2, for But3Sn compared to 
MeHg may reflect a partitioning of this compound 
preferably in compartments with a higher lipid con- 
tent. 

CONCLUSION 

Both models developed for this study to characterize 
kinetics of distribution of MeHg, But3Sn, and inorganic 
Hg(I1) and Sn(IV) are useful, as their results can be 
interpreted in relation to physiological characteristics 
of the biological model and to the physical and chemi- 
cal properties of the metal species used. The 3- 
compartment model is well adapted to starfish, as it 
represents a more realistic model of digestion and dis- 
tribution processes of this marine animal, thus more 
clearly evidencing differences between metal species 
than the 2-compartment model. It allowed us to distin- 
guish between 2 modes of metal transfer which differ 
in their mechanisms and their environment, as the 
transfer from Compartment E to Compartment C con- 
cerns the extracellular environment of the starfish, 
while uptake in Compartment R implies transfer 
between extra- and intracellular environments. Such a 
distribution model in which compartment content is 
related to the whole-body content rather than the 
concentration in a reference tissue could be used for 
studies on the distribution kinetics of trace metals, 
organometals, and other substances (like nutrients) in 
other marine invertebrates, like crustaceans or mol- 
luscs. By neglecting exchanges between rectal caeca 
and Compartment R,  this model approximated the 
digestion physiology of the starfish. If necessary, the 
physiological significance of the model can be im- 
proved by adding a separate compartment for rectal 
caeca. The feeding method and the short temporal 
scale for this study were chosen to minimize possible 
metabolical variations and isolate the effects of physi- 
cal and chemical properties on, the distribution of the 
Hg and Sn species studied. However, it is clear that the 
suitability of these compartmental models for longer 
exposure periods using a normal mode of feeding 
(Leptasterias polaris feeds and digests prey by evert- 
ing the stomach or having the prey in the stomach; 
Himmelman & Dutil 1991) will need to be assessed. 

We observed that organometal kinetics and their dis- 
tribution were markedly different from those of corres- 
ponding inorganic ions. Despite the fact that MeHg 
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and But,Sn molecules are chemically different, their 
similar steady-state distribution is an indication of the 
s lm~la~l ty  of their amphiphilicity, as organometals share 
properties of both organic compounds and metallic 
cations. Differences observed between their distribu- 
tion kinetics seem to be related to significant diffe- 
rences in some specific properties, like binding affin- 
ity, lipophilicity, and molecular structure. 

Organometals and organometalloids are  of prime 
environmental concern, a s  applications of new organo- 
silicon, -germanium, -titanium, -zirconium, and -tin 
compounds are  currently being studied in view of their 
potential use as biocides (Singh et al. 1993, Seyferth & 

Masterman 1994). Quantitative parameters characte- 
rizing the distribution and kinetics of organometals in 
aquatic organisms and their environment, and the 
establishment of relationships with the physical and 
chemical properties of these molecules are  urgently 
needed. 
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GLOSSARY 

C1 Clearance constant k,,, k ,  First order rate constant characterizing excretion 
with feces and metabolic wastes, respectively. 

E, CR. Quantity of a given metal species in Compart- 
C, R ments E, CR, C, and R, respectively V Apparent volume of distribution 

E, CR. Proportion of the whole body content of a given Q Whole-body content of metal 
C, R metal species in Compartments E, CR. C, and R, Q. Whole-body content of metal at t = 0 

respectively 
a, Rate constant characterizing the time needed to 

Ess, CRss, Proportion of the whole body content of given reach steady-state for the transfer of metal species 
CS,. Rss metal species in compartments E,  CR. C, and R, from Compartments E to CR or C 

respectively, when distribution is at  steady-state 
a2 Rate constant characterizing the time needed to 

k,,, k , , .  First order distribution rate constants reach steady-state for the transfer of metal species 
k 2 , ,  k32 from Compartments C to R 
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