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ABSTRACT: Radiotracer experiments using the photon-emitters 2 3 7 and
~
2 4 1 ~were
m performed to
examine uptake, tissue distribution and retention of plutonium and americium in the cephalopod
Octopus vulgaris Cuvier. A 2 wk exposure in contaminated sea water resulted in twice as much 2 3 7 P ~
being taken up by whole octopus as 2 4 1 ~ m
Immediately
.
following uptake approximately 41 % and
73 % of the 2 3 7 Pand
~ 2 4 1 respectively
~
were located in the branchial hearts. Depuration rates for both
radionuclides were identical; approximately 46 % of both radionuclides initially incorporated were
associated with a long-lived compartment which turned over very slowly (Tb,,, = 1.5 yr). Longer
exposures to 2 4 1 ~ resulted
m
in an increase in the size of the slowly exchanging 2 4 1 ~pool
m in the
octopus. After 2 mo depuration, the majority of the residual activity of both radionuclides was in the
branchial hearts. On average 33 % of the 2 " ~ mingested with food was assimilated into tissues,
primarily the hepatopancreas. Different whole-body 2 4 1 ~ rexcretion
n
rates were observed at different
times following assimilation and were related to transfer processes taking place within internal tissues,
most notably between hepatopancreas and the branchial hearts. Relationships between circulatory and
excretory functions of these 2 organs are discussed and a physiological mechanism is proposed to
explain the observed patterns of 2 4 1 ~ rexcretion
n
in 0. vulgaris.

INTRODUCTION
Marine invertebrates have been strongly implicated
in the biogeochemistry of transuranic elements, particularly plutonium and americium (Beasley and Cross,
1980). The common octopus, Octopus vulgaris Cuvier,
is a benthic cephalopod which occupies a top predatory level in the marine food chain. Moreover, this
invertebrate is of particular interest in ecological
studies because of its advanced physiology, its lack of
shell a n d the fact that it is widely distributed throughout the coastal zone, the principal marine region
receiving pollutants at present.
Data have been reported recently which show in
certain tissues of this mollusc high concentrations of
239+240pu and 241Am(Guary et al., 1981; Miramand a n d
Guary, 1981), other radionuclides such a s 60Co(Nakahara et al., 1979) a n d various heavy metals (Miramand
and Guary, 1980). In view of the apparent ability of the
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octopus to concentrate radionuclides to relatively high
levels compared to other invertebrates, w e undertook a
detailed study of the processes involved i n the uptake,
tissue distribution a n d retention of plutonium a n d
americium in this species.

MATERIALS AND METHODS
Young Octopus vulgaris Cuvier were collected from
the littoral zone near Monaco and acclimated in running-seawater aquaria until used. T h e radionuclides
m = 433 yr) were used
2 3 7 P(TK
~ = 46 d) a n d 2 4 1 ~ (T,,,
as radiotracers and were measured by gamma counting techniques with 40 % and 28 % efficiency, respectively (Fowler et al., 1975; Guary a n d Fowler, 1981).
The test animals were introduced into plastic counting
tubes which were closed by a stopper weighted with a
lead bar. In this way, the organisms were measdred
regularly for their radioactivity content by whole body
gamma-spectrometry, Corrections were made for phys-
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ical decay of
employed.

2 3 7 ~
and

for the different geometries

Accumulation from Seawater
Four cephalopods, ranging in wet weight from 80 to
140 g, were transferred to closed plastic buckets containing 4 1 of cotton-filtered sea water, aerated and
maintained at 13" 1 Co. Two media were spiked with
2 3 7 P ~(111-IV oxidation state) at a concentration of
0.74 kBq (20 nCi) 1-' and the other 2 with 241Am(111
oxidation state) at 1.1 kBq (30 nCi) 1-'. Throughout the
15 d exposure period, the buckets were refilled daily
with freshly labelled sea water at the same concentration in order to reduce the possibility of complexation
between the isotopes and excreted metabolites (Fowler
et al., 1975) and to maintain the radiotracer concentrations relatively constant. The cephalopods were not fed
since brief periods of starvation do not appear to
debilitate 0. vulgaris (Wells, 1978). They were periodically removed from the buckets and rinsed for several
min in clean seawater; their radioactivity was measured by whole-body counting and expressed a s concentration factors (cpm g-' wet individual + cpm ml-'
seawater). At the end of the experiment, the
cephalopods were dissected to determine the concentration and the distribution of 2 3 7 and
~ ~ 2 4 1 ~in
m their
tissues.

+

Elimination
Four cephalopods ( 3 0 0 4 0 0 g wet), which had previously accumulated 237Puand 2 4 1 ~ from
m seawater for
10 d under the same conditions as described above,
were transferred to l00 1 aquaria supplied with running seawater for the depuration phase. The average
initial concentration of 2 3 7 Pand
~ 242Amin the whole
individuals was 25 Bq (675 pCi) g-' wet and 28 Bq
(750 pCi) g-' wet, respectively. Furthermore, loss of
241Amwas followed under the same conditions in a
70-g female that had accumulated this radionuclide
from seawater for a longer period of time (22 d) and
whose initial 24'Am whole-body concentration was
56 Bq (1500 pCi) g-l wet. Throughout the 70 d elimination period the cephalopods were fed daily with
crabs, weighed, and their radioactivity measured
periodically. Whole-body loss of the radionuclide,
corrected for physical decay, is expressed as the percentage of the initial radionuclide content in whole
individuals at the beginning of the loss experiment.
Plutonium-237 and 241Amconcentrations and distributions in tissues were determined by dissection at the
end of the experiment.

24'Am Uptake from Food

Two groups of cephalopods, each of 4 , weighing
between 100 and 330 g wet were fed a single ration of
crab (Carcinus maenas) labelled with 2 4 1 ~ by
m injection through the leg joint. Each cephalopod in the first
group was given approximately 18.5 kBq (500 nCi),
those in the second group about 15 kBq (400 nCi). Four
hours after feeding, the radioactivity ingested was
measured by whole-body counting techniques as
described above. Then the cephalopods were returned
to their l00 1 running-seawater aquaria and fed daily
with 1 or 2 unlabelled crabs. During the excretion
phase, the radioactivity of cephalopods and faeces was
monitored regularly to determine the fraction of the
original ingested dose retained and to estimate the
relative importance of faeces in the total excretion
process. In addition, 6 individuals were dissected at
various times during the excretion phase to determine
the tissue distribution of ingested 241Amand the main
sites of absorption. The assimilation coefficients for
americium were estimated by resolving the loss components of the radionuclide retention curve (Fowler
and Guary, 1977).

RESULTS

Accumulation
Accumulation of 2 3 7 P(111
~ + IV) appeared to be more
rapid than that of 2 4 1 ~ mparticularly
,
during the first
week (Fig. 1).After 2 wk this tendency was reflected
by whole-body concentration factors in the octopus of
65 for 237Puand 35 for 241Am.Concentration factors of
both elements were also high in the gills (Table l ) ,
again higher for 237pU (900) than for 2 4 1 ~ (120).
m
The
same was true for the epithelium of the mantle (80 for
237pU and 10 for 2 4 1 ~ mBy
) . far the highest concentration factors were found in the branchial hearts, 9300
and 7100 for plutonium and americium respectively.
All the other organs (kidney, gonads, digestive tract)
concentrated plutonium and americium to approximately the same level (10-20). The hepatopancreas,
although displaying much lower concentration factors,
took up twice as much 2 3 7 P(50)
~ as 2 4 1 ~(20),
m and the
muscle almost 5 times as much.
After 2 wk, much of the 2 3 7 P(41
~ % ) and most of the
2 4 1 ~ (73
m % ) were essentially fixed in the branchial
hearts, internal circulatory and excretory organs that
comprise only 0.3 % of the total body weight. The gills
which rapidly took up the 2 radionuclides contained
18.3 and 3.8 % of the 2 3 7 Pand
~ 241Amrespectively. The
other internal organs (hepatopancreas, gonads, kidney, digestive tract) taken collectively fixed only a
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Elimination
Whole-body loss of

2 3 7 and
~ ~

2 4 1 ~ from
m
Octopus

vulgaris during a 70 d period is depicted in Fig. 2. The
data represent the percentage retained of the initial
237P~
or 241Amcontent in whole individuals at the
beginning of the experiment. It appears that the loss
rates of the 2 transuranic elements are identical after a
10 d accumulation period (Fig. 2, Curve 1). Inspection
of Curve 1 indicates that elimination was taking place
from at least 2 compartments. The compartments were
resolved by using the standard kinetic approach of
Comar (1955), and the long-lived compartment was
fitted by a least-squares regression between Day 8 and
70. This radionuclide pool contained approximately
46 % of the incorporated radioactivity which turned
over very slowly with a biological half-life of 560 d.
The curve also indicates the presence of at least one
short-lived compartment which contains roughly 30 %
of the radionuclides but turns over very rapidly (Tb,,>
2 d). Curve 2 shows that after a longer exposure (22 d ) ,
the octopus tends to lose 2 4 1 ~ more
m
slowly (Tb,,,=
680 d). In this case, it is noteworthy that the long-lived
compartment contained a higher proportion (90 % ) of
the initially incorporated 2 4 1 ~ m .
The residual radioactivity in whole octopus after
70 d of loss still represented more than 40 % of the
Fig. 1. Octopus vulgaris. Accun1ulation of 2 3 7 and
~ ~ 2 4 1 ~ m initial body burden in one case (Fig. 2, Curve 1) and
greater than 80 % following the longer exposure
from sea water. Each symbol represents mean and range of 2
individuals
(Fig. 2, Curve 2). At that time, the majority of the 237h
and 2 4 1 ~ mwas located in the branchial hearts
very small proportion of the total 2 3 7 P (2.9
~ %) and
(Table 2). While greater than 95 % of the initial
2 4 1 ~ (3.1
m %). On the other hand, a substantial fraction
radioactivity was lost from the other tissues (not
shown), the branchial hearts strongly retained both
of these radionuclides (33 and 19 % respectively) was
radionuclides. These results suggest to us that the
associated with the epithelium and muscles of the
tentacles and the cephalic body, tissues which constishort-lived compartment could represent principally
tute about 80 % of the weight of the cephalopod.
the skin which eliminated the transuranium elements

-

Table 1. Octopus vulgaris. Concentration factor (CF) and distribution (%) of 2 3 7 Pand
~ 2 4 1 ~ in
m the tissues after 15-d exposure
in contaminated sea water. Two individuals were dissected for each radionuclide and their tissues grouped for radioanalysis.
(n.d.: not detectable)
Tissue

Average % total
tissue wet weight

241~m

z37h

CF

% of total

CF

body burden
Branchial hearts and appendages
Hepatopancreas
Ventricle
Gonad
Kidney
Digestive tract
Gill and branchial gland
Mantle
- epithelium
- muscle
Remainder (arms and cephalic body)

0.3
2.9
0.2
(0.5-1.1)
0.8
3.2

1.4

2.4
8.2
80.0

9300
50

n.d.
8

40.6
2.2
-

7100
20

% of total
body burden

72.8
1.3

n.d.

11
900

0.1
0.1
0.5
18.3

9
20
15
120

0.1
0.5
1.2
3.8

80
15
30

3.4
1.8
33.0

10
3
8

0.4
0.6
19.3

7
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TIME (days)

TIME (days)

Fig. 2. Octopus vulgaris. Whole body elimination of 2 3 7 Pand
~
2 4 1 ~ mCurve
.
1: loss of ='Pu ( A ) and 241Arn(e)following 10-d
10 of 4 individuals.
exposure in sea water. Points: mean
Curve 2: loss of 2 4 1 ~after
m 22-d exposure in sea water. Point
represents a single individual

+

Fig. 3. Octopus vulgaris. Excretion of 2 4 ' ~ m
following a single
ingestion of labelled crab. Each symbol represents the percentage of residual radioactivity in a single individual

+

very rapidly probably by passive desorption. In contrast plutonium and americium, which were incorporated mainly in the branchial hearts, were excreted
only very slowly from this tissue which constitutes the
major component of the long-lived compartment.

levels of approximately 13.0 4.0 kBq (350 nCi) and
9.0 f 0.8 kBq (240 nCi) in the 2 groups of octopus.
During the first 24 to 48 h after ingestion, 30 to 80 % of
the ingested Am was excreted (Fig. 3). Approximately
90 to 100 % of the total radionuclide excreted was
found in the faeces indicating that the rapid loss phase
corresponded to the non-assimilated fraction which
was eliminated via the digestive tract. Following the
third day, faeces contained far less 2 4 1 ~ and
m during
the third-fourth weeks thereafter, radioactivity in

Uptake from Food
Roughly 65 % of the radioactivity in the labelled
crabs was ingested. This resulted in radioactivity

Table 2. Octopus vulgaris. Concentration (mBq g-' wet) and distribution (%) of 2 3 7 Pand
~ 24'~m
in the tissues following 10-d
exposure in contaminated sea water and 70-d elimination period in running sea water. Two individuals were dissected for each
radionuclide and their tissues grouped for radioanalysis (n.d.: not detectable. 1 mBq 2 7 . I O - ~ pCi)

-

Tlssue

Branchial hearts and appendages
Hepatopancreas
Ventricle
Gonad
Kidney
Digestive tract
Gill and branchial gland
Mantle
- ep~thel~um
- muscle
Remainder (arms and cephalic body)

Average % total
tissue wet weight

2371311
% of total
wet
body burden

mBq

0.3
2.7
0.2
0.9
0.8
2.7
1.8

162000
130
n.d.
n.d.
1260
n.d.
1260

87.6
0.4

2.9
7.5
80.2

170
80
80

24'~m
mBq g-' wet
% of total
body burden

3.1

3000000
330
n.d.
560
1110
390
1670

98.8
0.1
0.05
0.1
0.1
0.3

0.7
0.5
6.5

110
60
60

0.05
0.05
0.5

-

1.2
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Fig. 4. Octopus vulgaris. Different phases of " ' ~ r n excretion
following a single ingestion of labelled crab. Symbol: mean
value of 2 individuals

faeces represented no more than 35 to 50 % of the total
^ ' ~ meliminated.
The second loss phase seen in Fig. 3 corresponded to
excretion of the fraction of assimilated 2 4 1 ~ m
by
Octopus vulgaris. The assimilation coefficient was
computed by extrapolating the linear portion of the
curve (between Day 1-2 and 8-10) to the Y axis. Estimates made in this fashion range between 15 and 58 %
with an average value of 33 % . Elimination rates based
on regression equations for the linear portion of the
cubes indicate that the assimilated fraction of ^'Am is
excreted with an average biological half-time of 17 d
(range 10-39 d).
It is noteworthy that after the 8th to 10th day, the
^'Am elimination rate in all individuals increased
considerably (Fig. 3). By Day 30 only 2 individuals
remained. These were maintained for a further 40 d to
follow whole-body excretion. The data in Fig. 4 show
the presence of an extremely slow loss phase (Tb,,, =
160 d) from a pool which represents about 0.5 % of the
incorporated radioactivity. This fraction of ^'Am may
be associated with a single radionuclide pool or tissue
within the octopus.
Dissection of 6 individuals during the excretion
phase permitted identifying the sites of ^ ' ~ mbinding
within the octopus (Table 3). In the individual dissected 5 d after ingestion, i. e. during the second phase of
loss, high concentrations of ^ ' ~ mwere found in the
hepatopancreas (158 Bq g-I wet) and the chitinous
beaks (340 Bq g ' wet), the latter of which are used to
masticate the prey. It is interesting that the beaks lost

0 (S
m a
v

'<r

I

I

=?(So
o o n I

CO
0 0
0

.-.

Mar. Ecol. Prog. Ser. 7: 327-335, 1982

332

X

0

:

0

100

50

%

2 4 1 ~ r n(8ranchia.l
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Fig. 5. Octopus vulgaris. Relationship between the fraction of
whole-body 2 4 1 ~ rcontent
n
in hepatopancreas and branch~al
hearts at different times during excretion phase following a
single ingestion of labelled crab. Regression equation: y =
98.84-1.089~

relatively little of their 2 4 1 ~ activity
m
throughout the
depuration period; this probably resulted from strong
binding of 241Am to the chitinous matrix. The
hepatopancreas which represents about 5 % of the
total cephalopod weight accounted for 96 % of the
241~m
activity 5 d after ingestion. At the same time
small, but significant amounts of 2 4 1 ~ were
m
found in
the branchial hearts, gonads, ventricle and digestive
tract.
Following Day 5 the concentration of 2 4 1 ~ m
in
the hepatopancreas decreased continually reaching
0.03 Bq g-' on Day 70. The fraction of 241Amretained
in this organ likewise decreased from 96 % to 2.4 % at
the termination of the experiment. These observations
indicate that the radionuclide was lost much more
rapidly from hepatopancreas than from the other
tissues. Interestingly, the only cephalopod organs truly
implicated in the process of metabolic excretion are
branchial hearts (Bidder, 1966). This undoubtedly
accounts for the concomitant increase in 241Amconcentration noted in these tissues during the experiment
(Table 3). In fact there is a strong inverse correlation
between the fraction of 2 4 1 ~held
m in these 2 tissues at
different times during the excretion phase (Fig. 5).
The biokinetics of 2 4 1 ~in
m hepatopancreas, branchial hearts and whole octopus following ingestion of
labelled food are illustrated in Fig. 6. It is evident that
241Amis removed from the hepatopancreas 2 to 3 times
more rapidly than from the whole body. This implies
that a portion of the 2 4 1 ~ lost
m from the hepatopancreas is transferred to other tissues, in this case the
branchial hearts. The data in Fig. 6 show that this

TIME(days)

Fig. 6. Octopus vulgaris. Variation in the relative concentration of 2 4 1 ~ rin
n branchial hearts (0),hepatopancreas (a) and
whole individuals ( A ) during excretion phase following a
single ingestion of labelled crab. All values are normalized to
the 24'Am actlvity ingested by the first octopus (16.4 kBq;
440 nCi) dissected on Day 5 of excretion. (1 mBq =
27. 10-3 pCi)

transfer takes place from the time the radionuclide is
assimilated until the 35th to 40th day, a period which
corresponds to the end of the third phase of wholebody loss (Fig. 4). Following this transfer, the branchial
hearts, which have concentrated 241Am200 to 300
times over that in hepatopancreas, begin to eliminate
the radionuclide approximately 3 times more slowly
than the hepatopancreas. This period corresponds to
the fourth phase of excretion noted in whole individuals (Fig. 4). However, since loss of this small fraction of
241Amfrom whole octopus proceeds very slowly (Tb,,,
= 160 d), it would appear that excretion from the
branchial hearts is not the sole factor controlling
whole-body elimination of the small amount of 2 4 1 ~ m
remaining. The dissection data in Table 3 show that
241Amis strongly retained by the beak. This suggests
that 241Amretention by the beak was probably a significant factor in controlling the whole-body elimination rate after most of the radionuclide had been depurated from the octopus.

DISCUSSION
Whereas bivalve and gastropod molluscs have been
widely used as bioindicators for many types of pollut-
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ants, including radionuclides, cephalopods have only
recently been examined in this context (Nakahara et
al., 1979; Miramand and Guary, 1980, 1981; Guary et
al., 1981). It is noteworthy that despite some
similarities between cephalopods and bivalves in the
pattern of whole-body uptake of transuranic elements,
there are striking differences in their subsequent
metabolism. For example, whole-body concentration
factors for both 2 3 7 P and
~
2 4 1 ~ in
m octopus are very
similar to those reported for mussels exposed to these
radionuclides under identical conditions (Fowler et al.,
1975; Guary, 1980). In mussels approximately 90 % of
the radionuclides were fixed to shell which comprised
70 O/o of the animal's weight. Furthermore, none of the
internal tissues examined took up either radionuclide
to any great degree. In contrast, cephalopods (with no
shells) effectively accumulate and distribute 2 3 7 and
~ ~
241~m
among the internal tissues, especially the
branchial hearts. Concentration factors of nearly 104
were found in the branchial hearts with a slight preference for 2 3 7 Pover
~ 241Amevident (Table 1). This is in
good agreement with the similarly high concentration
factors computed from environmental measurements of
transuranic elements in octopus tissues (Guary et al.,
1981). The branchial hearts have also been implicated
in the uptake of I3?Cs (Suzuki et al., 1978), 60Co
(Nakahara et al., 1979) and certain heavy metals
(Miramand and Guary, 1980); they would appear to be
ideal organs for use as bioindicators for these types of
contaminants, also given the wide distribution of the
cephalopod in coastal zones throughout the world. The
preference for 2 3 7 Pover
~ 2 4 1 ~inmthis tissue as well as
others is also of interest since both field and laboratory
studies have often demonstrated the opposite
behaviour in many marine species including molluscs
(Grillo et al., 1981; Pentreath, 1981).
The unique ability of the branchial hearts to concentrate many elements, including plutonium and
americium, to such high levels may be linked to the
biochemical nature of the circulatory and excretory
functions of these organs. Nardi and Steinberg (1974)
have shown that branchial hearts contain iron at concentrations ranging from 0.1 to 0.3 % of their dry
weight. The metal is localized in intracellular granules
composed of a brownish-purple pigment whose precise physiological role is still unknown. These pigment
bodies, or adenochromes (Fox and Updegraff, 1943),
have been described in several species of Octopus and
represent about 12 mg g-' wet weight of the branchial
hearts (Palumbo et al., 1977).Synthesis takes place in a
leucopoietic organ lodged in the optic capsule (Cowden, 1972) in the form of iron-free precursors, or desferriadenochromes. It has been shown that other tissues of
octopus such as gills and branchial glands, ovaries,
hepatopancreas and kidney, as well as the amoebo-

333

cytes, also contain small amounts of adenochromes.
Given the correlation between the presence of ironrich adenochromes and the high concentration of
plutonium, americium and other radionuclides and
stable metals in cephalopod tissues, Miramand and
Guary (1981) used autoradiographic techniques to
demonstrate the close association of 2 4 1 ~ nwith
1
adenochromes in the branchial hearts; nevertheless,
they did not identify the exact nature of the radionuclide binding mechanism. It is most probable that the
adenochromes of the branchial hearts of octopus are
implicated in a process of detoxification of heavy metals comparable to those described for other molluscs
(Martoja et al., 1977; Coombs and George, 1978;
George et al., 1980). Furthermore, evidence for the
presence of numerous pinocytotic vesicules in the cell
membranes of the branchial hearts (Guary, 1980) and
information on ferritin transport through the same
organs in the cuttlefish Sepia officinalis (Schipp and
Hevert, 1979) suggest that these radionuclides could
be transported by pinocytosis, either free or fixed to
adenochromes of the amoebocytes which originate in
the gills and circulate in the haemolymph.
When experimentally-labelled cephalopods are
transferred to clean seawater, 2 3 7 ~and
~
2 4 1 ~ are
m
depurated only very slowly. Furthermore, the rate of
loss of 2 4 1 ~tends
m
to decrease with longer exposure
times (Fig. 2). At the same time there is an increase in
the size of the slowly exchanging 2 4 1 ~ pool
m (46 % to
90 %) in the octopus as the exposure time increases
from 10 to 22 d . This phenomenon has been noted
previously for heavy metals in bivalve molluscs and is
thought to be a function of the time necessary for the
metal or radionuclide to become firmly bound within
internal tissues of invertebrates (Van Weers, 1973).
Our data indicate that even after relatively short exposure (10 d) biological half-times for subsequent turnover can b e as long as 1.5 yr for the elimination of a
substantial fraction of both radionuclides, the majority
of which reside in the branchial hearts. This long
depuration time is to be compared with the average
lifespan of 2 to 4 yr reported for Octopus vulgaris
(Mangold-Wirz, 1963).
When contaminated food is ingested, 241Amis effi= 33 %) into the tissues of
ciently assimilated
Octopus vulgaris. This assimilation coefficient is of the
same order of magnitude as that measured for
plutonium in crabs (Fowler and Guary, 1977) but is 30
times higher than coefficients for plutonium in fish
(Eyman and Trabalka, 1977; Pentreath, 1978a, b) and
300 to 3000 times those of transuranic nuclides in
mammals (ICRP, 1972; Durbin, 1975).The high degree
of 2 4 1 ~ assimilation
m
in 0 . vulgaris may be linked to
the high food conversion efficiency (52 %) reported for
this species (Mangold and Boletzky, 1973).
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Following assimilation, 2 4 1 ~ m
is rapidly concentrated to a high degree in the hepatopancreas. Before
reaching the hepatopancreas the contaminated food
bolus must pass successively through the digestive
tract organs, viz. oesophagus, crop, stomach and
caecum (Bidder, 1966). The latter organ is mainly secretory in function but is also involved in absorptive
processes (Boucaud-Camou et al., 1976). Caeca1 fluid
is expelled by contraction into the hepatopancreatic
canals and reaches the digestive gland 4 to 6 h after
feeding (Bidder, 1957). Furthermore, contrary to the
function of the digestive gland of some cephalopods,
the hepatopancreas of Octopus vulgaris is also an
absorptive organ (Bidder, 1957). Each hepatic cell can
successively secrete enzymes, absorb food material
and finally excrete wastes. During absorption the cell
becomes ciliated and accumulates fluids in the vacuoles. During the excretion phase, it accumulates
'brown bodies' which are then extruded into the lumen
of the digestive gland and finally removed with the
faeces.
According to Bidder (1966) the entire digestive process is completed withln 15 to 20 h post ingestion.
During this time our data show that the fraction of nonassimilated 2 4 1 ~ismrapidly eliminated from the intestine (cf. Figs. 3 and 4). The assimilated fraction
accumulates in the hepatopancreas and is then slowly
excreted for the next 8 to 10 d. Although it has not been
demonstrated that 241Amis associated with the excretory products termed 'brown bodies', it is likely that the
radionuclide in the faeces has followed the same
excretory route. Nevertheless, during the course of the
experiment, a fraction of the assimilated 2 4 ' ~ m
was
transferred from hepatopancreas to the branchial
hearts, the latter in which 2 4 ' ~ mconcentration
increased until the 35th to 40th d and then slowly
decreased (Fig. 6). At this time whole-body excretion
entered a slower phase (Fig. 4) with most of the elimination taking place from the branchial hearts.
If the hepatopancreas is principally responsible for
the excretion of wastes, some explanation is needed to
account for the partial transfer of 2 4 1 ~ to
r nthe branchial hearts before being eliminated. It is known that the
branchial hearts of Octopus vulgaris contain high concentrations of adenochromes. According to Nardi and
Steinberg (1974) these pigments show a strong affinity
for iron and thus can be considered as natural complexing agents. Moreover, their presence throughout
the body of the cephalopod (Nardi and Steinberg,
1974; Palumbo et al., 1977) suggests that they carry out
some specific physiological function. It has also been
shown that these pigments can be transported to various organs by way of amoebocytes (Palumbo et al.,
1977). As mentioned previously, the transuranic elements as well as vanadium and cobalt could have a

strong affinity for adenochromes; we suggest that the
mechanism of 2 4 1 ~transfer
m
between organs is related
to its chemical affinity for these natural chelators.
Hence ingested 2 4 1 ~ m
entering the hepatopancreas
with the caeca1 fluid would be able to complex with
adenochromes carried by the amoebocytes that are
present in the capillary network of the digestive gland.
A substantial fraction of the 2 4 1 ~ may
m not be complexed, because the quantity of adenochromes in this
organ is low (Palumbo et al., 1977). This non-complexed fraction would thus be excreted directly into
the intestine during the cellular excretion phase, probably in association with the 'brown bodies'. On the
other hand, the adenochrome-associated 2 4 1 ~ fracm
tion would not be directly eliminated because, contrary to the case with most molluscs, amoebocytes in
the haemolymph of 0. vulgaris are not excreted from
the body (Wells, 1978). Therefore this fraction of 2 4 1 ~ m
is rapidly transported to the branchial hearts by the
anterior and lateral vena cava from which it is slowly
eliminated (cf. Fig. 6).
In the case in which contamination occurs via the
foodchain, this process is of secondary importance
since the hepatopancreas is capable of excreting the
majority of the assimilated radioelement directly into
the intestine. In fact, adenochrome-associated 2 4 1 ~ m
transfer would involve only a small part of the overall
radionuclide depuration from the octopus, and then
only because some adenochromes in the hepatopancreas inadvertently trap a portion of the available
241Am.On the other hand, transport via the amoebocytes, notably after complexation with adenochromes
in the gills, would be of most importance in the case of
a n acute exposure to 2 4 1 ~in
m contaminated seawater.
Rapid transport to the branchial hearts would thereby
reduce the chances of a toxic buildup of these heavy
elements in more sensitive tissues such as gill.
The presence of adenochromes in the renal sacs of
Octopus wlgaris (Nardi and Steinberg, 1974) and the
small fraction (0.1-0.5 %) of 2 3 7 Pand
~ 2 4 1 ~that
m were
found associated with these tissues (Table 1) suggest
that the excretion of transuranics from the branchial
hearts could take place through the basal membrane of
these organs in the direction of the pericardial coelom
and the renal sacs. This route of elimination corresponds to the natural process of metabolic waste excretion in cephalopods which has been fully described by
Harrison and Martin (1965) and Witmer and Martin
(1973).
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