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ABSTRACT

The subcellular fractionation of the digestive glarells of the common cuttlefish Sepia
officinalis was performed in order to investigate the distrdou of metals 1) between
organelles and cytosol and 2) in the different sgtic fractions separated by gel-filtration
chromatography. Total metal concentrations vary @erders of magnitudes, ranging from
2.2 pg.gt dwt for Pb to 612 pg:gdwt for Zn. With the exception of Cd, Co and Cietais
were mostly bound to the organelles. Whereas noifsperganelle compartment was found
for Mn, Pb and Zn, Fe was mainly associated toeus;lbrown body, and “boule” fraction
(i.e. 52%) and 44% of the total Ag was containethalysosomal and mitochondria enriched
fraction. The link of metals with hydrosoluble pewts in the cytosolic fraction was
investigated at 254 and 280 nm. Direct relationskigtween cytosolic metal and
metallothioneins could only be established for Agl &Cu whereas Cd and Zn seems to

mainly bind high (>70kDa) and low (< 4kDa) moleauhzeight proteins.

Keywords: cephalopod; metal; trace element; detmatibn; metallothionein;

chromatography



INTRODUCTION

Exclusively marine organisms, cephalopods are agiredators found from polar to tropical
ecosystems and from the shallow waters to very ams@an environments. As well, they
constitute a major food source for many top predaspecies (see the reviews by Clarke
1996, Croxall & Prince 1996, Smale 1996, Klages6)9%hey have therefore a key role in
many marine ecosystems and are also of increasieyest for worldwide fisheries
(Amaratunga 1983, Rodhouse 1989). Despite suclhogical and economical importance,
metal, radioactive and organic contaminants havenbglobally poorly studied in
cephalopods.

Concerning metals, cephalopods concentrate setvacal elements such as Ag, Cd, Cu or Zn
at sometimes very high concentrations (e.g. Ma&tifrlegal 1975, Miramand & Bentley
1992, Bustamante et al 1998). Most of the studipented the major role of the digestive
gland in the bioaccumulation mechanisms, this oggspected to have a key function in the
metabolism of most metals in cephalopods (e.g. iiinad & Bentley 1992, Bustamante et al
2002a, 2004). Thus, the digestive gland of ceplmlsonstitutes the main storage organ for
both essential (e.g. Co, Cu, Fe, and Zn) and nsengial elements (e.g. Ag, Cd, Pb and V)
independently of the considered species and odrga of origin (e.g. Miramand & Guary
1980, Smith et al 1984, Finger & Smith 1987, Miraaha& Bentley 1992, Bustamante et al
1998, 2002a, 2004, Miramand et al 2006). Thus,ratalD to 98% of the whole body burden
of metals could be readily stored in the digestgland (Miramand & Bentley 1992,
Bustamante et al 2002b). This could result fromuéue long half-life of some elements like
Cd and Co (Bustamante et al 2002a, 2004) and/eety efficient translocation processes
from other organs and tissues to the digestivedg(arg. Ag or Cs; Bustamante et al 2004,
2006). In the case of Cd and Co for example, tsedeace time of the metal in the whole

organism could be longer than the life span ofdéehalopods, meaning that almost all the



assimilated metal is definitively sequestratedhia dligestive gland (Bustamante et al 2002a,
2004). In contrast to Cd and Co, Ag displays a faster turn-over in cephalopods
(Bustamante et al 2004). Even the dissolved patbvisyprobably the main route for Ag
accumulation in cephalopods, the digestive glandatos most of the whole body burdens of
this metal (Miramand and Bentley 1992, Bustamantal €000, 2004). This suggests that
very efficient translocation processes allow thensfer of Ag from tissues and organs in
contact with seawater to the digestive gland faioxiécation purposes (Bustamante et al
2004).

In both cases, i.e. metals directly stored for rgléime in the digestive gland and metals
having a peculiar tropism to this organ, the eledatoncentrations reported on metal
bioaccumulation in cephalopods suppose the ocoereonf efficient storage and
detoxification mechanisms to counteract the toxioit metals (e.g. Simkiss & Taylor 1982,
Phillips & Rainbow 1989). Detoxification mechanisna§ marine invertebrates mainly
involve the precipitation or co-precipitation of taks on amorphous granules and the binding
on proteins, which can be non-specific (e.g. tramsf, ferritin) or specific to one or more
metals (e.g. vanabins, metallothioneins) (e.g. Bdirat al 2002, Ueki et al 2003). One well
known detoxification strategy involving proteins tise binding of some trace metals to
metallothioneins (MTs) which play a role in the hestasis of the essential metals, Cu and
Zn, but are induced by various other metals (i.g, &d, and Hg) (Engel & Brouwer 1989,
Cosson et al 1991, George & Olsson 1994). Thus, M&sconsidered to be involved in Ag,
Cd and Hg detoxification (Dallinger 1993, 1995, Bigedi 1992, 1996, Viarengo & Nott
1993). In cephalopods, association of MT with neetalthe digestive gland seems to mainly
concern Cu and, to a lesser extent, Cd and Zn Keaekal 1983, Finger & Smith 1987). In
the digestive gland, most of Cd and Zn appear tbdaend to other cytosolic proteins than

MTs (Tanaka et al 1983, Finger & Smith 1987, Clasat al 1990).



Considering the elevated metal concentrations oogunaturally in the digestive gland of
cephalopods, the aim of our study was 1) to ingagti the metal distribution between the
different organelles and the cytosol, 2) to providgight on the implication of hydrophilic
proteins such as MTs in the detoxification mechasis The common cuttlefish Sepia
officinalis was selected as an experimental model, and threekular distribution of various
metals, i.e. Ag, Cd, Co, Cu, Fe, Mn, Pb and Znenmmnsidered in male mature individuals.
Finally, the cytosolic fraction obtained were chaiographed to determine the association of

the different metals to the hydrophilic proteins.

MATERIALS & METHODS

Biological material

Male mature common cuttlefish were caught in thg 8aSeine (French coast of the English
Channel) and kept alive at the most two days iflmuttanks. Animals belonging to the same
age class, from the same sex and sexual matugitty wtere selected in order to minimise the
biological variability (n=4, total weight 785 + 8¢). Prior to the experimentation, each
cuttlefish were anaesthetised in seawater con@i@% ethanol and rapidly dissected. The
digestive gland was carefully removed, weighted4(n37 + 10 g) and prepared both for

direct heavy metal analysis and for subcellulactfoaation.

Subcellular fractionation

Aliquots ranging from 1 to 2 g of each individuagestive gland were homogenised with a
mortar and pestle on ice with 4 volumes of a 20 MRIS-HCI, 0.25 M sucrose buffer
(Tanaka et al 1983), at pH 8.6. The homogenates srcessively centrifuged at 600 g for
10 min, 10000 g for 10 min and 100 000 g for 6hmat 4°C in a Beckman LE-70

ultracentrifuge. This procedure giving 6 differdractions is summarised in Figure 1. Each



pellet was collected in order to determine the metamcentrations in 1) the membranes,
nuclei, “boules” (which are considered as hetermgsnes and heterophagosomes involved in
intracellular digestion of cephalopods (Boucaud-Gani976, Boucaud-Camou & Yim
1980)) and brown bodies fraction, 2) the mitochaldand lysosomal fraction, 3) the
microsomal fraction. The accuracy of the sequensaparation was controlled by
Transmission Electronic Microscopy after fixatiom 4% glutaraldehyde and post-fixation
with osmium tetraoxyde in 0.4 M cacodylate buffepll 7.3. The particle-free supernatant
fraction (cytosol) was removed for heavy metal wsial and for gel filtration

chromatography.

Gel-filtration chromatography

Prior to the gel filtration chromatography, totaiofeins were quantified in the collected
cytosol following Lowry et al (1951). Then, 2 ml tfis fraction were chromatographed on a
Sephadex G-75 superfine (16 X 800 mm) column (Pheia equilibrated and eluted with 20
mM Tris-HCI buffer, pH 8.6 at 4°C, containing 50 mNaCl and 3 mM Napl The column
was maintained at 4°C and the samples were callee$e4 ml fractions. The ultraviolet
absorbance of the eluate was measured at 254 a@dn@8 with a U-1100 Hitachi
spectrophotometer. In each eluted fraction, thevihemetal concentrations were also
determined. The column was calibrated for moleculaight estimations with Ovalbumine
(43 kDa), Chymotrypsin (25 kDa), Ribonuclease (1BDa) and Glucagon (3.5 kDa) as
standard markers. We also used equine renal nigiathein (13.4 kDa, Kojima et al 1976) to

identify the fractions containing MTs.



Metal analyses

Samples of the digestive gland were previouslyddae 80 °C to constant weight prior to
analysis. The dried digestive gland samples, thHketpeand the particle free supernatant
resulting from the subcellular separation and thiferént fractions separated by gel
chromatography were digested with 5 ml of 14N piaraHNGO; at 100°C during 3 days. After
evaporation of the acid, the residues were takeim Gpml 0.3 N HNQ and analysed for Ag,
Cd, Co, Cu, Fe, Mn, Pb, and Zn by flame and grapliitrnace atomic absorption
spectrophotometry with a Zeeman Hitachi model 180-7

Quality control was assessed by heavy metal aralpdelanks and reference materials. Thus,
Orchard—-Leaves (National Bureau of Standards) aWdAMR fish flesh standard (IAEA)
were treated and analysed in the same way as thples Our results for the standard
reference materials were in good agreement wittcdingfied values (Table 1). The detection
limits were (ng.g dry weight): 0.004 (Cd), 0.02 (Ag), 0.1 (Co, Mr)P0.5 (Cu, V, and Zn)
and 2.5 (Fe). Results are also expressed in mamogyper gram of the dry tissue weight

(Mg.g" dwt).

RESULTS

Metal concentrations

The concentrations of Ag, Cd, Co, Cu, Fe, Mn, Pt Z2n are shown in Figure 2. Among the
analysed metals, Zn is the most concentrated, irgcip to 600 pg:§dwt, followed by Fe
(424 + 142 pg.g dwt) and Cu (362 + 114 pgaiwt). All other elements displayed far lower

concentrations, i.e. ranging from 2.2 |igdyt for Pb to 13.6 pg-ydwt for Cd.



Subcellular distribution

The partitioning of metals among the 1) nuclei dmdwn bodies, 2) lysosomes and
mitochondria 3) microsomes and 4) soluble cytosiéiction is presented in Table 2. Most of
the Cd, Co and Cu were associated with hydrosolcytlesolic compounds whereas Ag, Fe,
Mn, Pb and Zn were mostly bound to the organebess mainly associated to the nuclei and
brown bodies (52%) and 44% of the total Ag is cod in the lysosomal and mitochondria
enriched fraction. It is noteworthy that Co, Cu,d&Md Zn are equivalently distributed in each

pellet (Table 2).

Metal associated to proteins
Chromatographic Sephadex G-75 elution profiles hef &bsorbance at 254 and 280 nm

obtained for cytosol from the digestive gland_opi@eofficinalis were used to determine the

metal concentrations (mg)l in the collected fractions containing the proseseparated by
their molecular weight (Figure 3). A first peak trex on fraction 11 corresponds to the void
volume (macromolecules larger than 70 kDa, suchasmocyanin) and a second peak
between fractions 40 and 44 indicates a partiaudAness in small proteins and polypeptides
(4 kDa and less). MTs used for calibration fellfiaction 26 with an elevated 254/280 nm
absorbance ratio (equal to 16). All metals wereo@ased with high and low molecular
weight proteins (> 70 kDa and lower than 4 kDapeesively), except Ag which was not
detectable in the small protein fraction. Internag¢eliproteins ranging from 10 to 20 kDa did
not contain detectable amounts of Fe and Mn. Ag @udvere the only metals showing a
peak in the fraction 26 region among those expetdduind MTs (Ag, Cd, Cu and Zn). Cd
and Zn displayed a very similar distribution with naajor fraction associated to high

molecular weight proteins for both metals.



DISCUSSION
The metal concentrations measured in the digegliamed of male adult cuttlefish from our

study globally fell within the range of values rejed for Sepia officinalirom the English

Channel (Miramand & Bentley 1992), the Bay of Bis¢&chipp & Hevert 1978, Bustamante
1998, Bustamante et al 1998) and the MediterrariBastamante et al 2002a). Although
globally poorly documented, metal concentrationséphalopods have received increasing
interest as these molluscs play a major role batlpradators and food items in marine
ecosystems. The central role of the digestive glamdnetal bioaccumulation has been
highlighted many times, particularly for toxic mistauch as Ag and Cd (e.g. Martin & Flegal
1975, Miramand & Bentley 1992, Bustamante et al22002004) but the detoxification
processes occurring in this organ remain poorlyewtdod (Bustamante et al 2002b).
Investigations on detoxification mechanisms haveu$ed either on the subcellular
distribution of metals between cytosol and orgase{Rocca 1969, Tanaka et al 1983, Finger
& Smith 1987, Bustamante et al 2002b, Craig & Owe#rr2003), the involvement of
hydrosoluble proteins in the binding of metals (ats® Decleir et al 1978, Ueda et al 1985,
Castillo et al 1990, Castillo & Maita 1991) or ohnet histochemical and microanalytical
localisation of metals within the digestive glanell€ (Schipp & Hevert 1978, Martoja &
Marcaillou 1993). Moreover, the subcellular distitibn of metals mainly concerned Cd, Cu
and Zn (i.e. Rocca 1969, Decleir et al 1978, Taretkal 1983, Ueda et al 1985, Finger &
Smith 1987, Castillo et al 1990, Castillo & Mait@9l, Bustamante et al 2002b, Craig &
Overnell 2003) but very limited information is aldale for other elements. Indeed, to the
best of our knowledge, the studies of Tanaka é1283) and Finger & Smith (1987) are the
only ones providing data on other metals, i.e. Ad &e, and*°Po, respectively. The few
studies on metal detoxification in cephalopods haemsidered various models, i.e.

cuttlefishes (Decleir et al. 1978, Schipp & Hev&AQ78, Martoja & Marcaillou 1993,
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Bustamante et al 2002b), squids (Tanaka et al 1088er & Smith 1987, Castillo et al 1990,
Castillo & Maita 1991, Bustamante et al 2002b) antbpuses (Rocca 1969, Ueda et al 1985,
Bustamante et al 2002b). Consequently, result®fiea very different between authors and
sometimes contradictory. Therefore, there is a neegrovide more information on the
subcellular distribution of heavy metals in genexatl on poorly or not yet studied elements
also highly concentrated in the digestive glandcephalopods. In this respect, our study

provides the first insight about the subcellulatidbution of Co, Mn and Pb in cephalopods.

Our study of metal distribution between the instdulsmembranes and organelles) and soluble
(cytosol) fractions of the digestive gland leadshe conclusion that metals can be separated
between those mainly associated to hydrosolublepoomds, i.e. Cd, Co and Cu, and those
mainly associated to organelles, i.e. Ag, Fe, Mim,aRd Zn. This shift does not therefore
correspond to the essential or non essential ctearatthe metals but rather to the result of
specific regulation/detoxification processes.

As already mentioned, the scarce information orsthEcellular distribution of trace elements
in cephalopods put forward that 50 to 90 % of thikeiusually found in the soluble fraction

of the digestive gland of cephalopod from the figtthger & Smith 1987, Castillo et al 1990,

Bustamante et al 2002b), even if the squid Todapaeificusdoes not follow this trend with
only 26 £ 3 % of the metal being present under labdée form (Tanaka et al. 1983). Our
results for_S. officinalisare consistent with this general trend (Table 2)ggesting the
presence of mechanisms of detoxification of Cd ivimg soluble proteins. The presence of
Cd detoxification mechanisms involving MTs was sadpd when considering the

chromatograms of metalloproteins from the digesgilaad of the squids Nototodarus gouldi

T. pacificusand_Ommastrephes bartrafrom the Pacific Ocean (Tanaka et al 1983, Figger

Smith 1987, Castillo & Maita 1991). Later, theseotpms were quantified in various

cephalopod species from the Northern Atlantic Oc@unstamante et al. 2002b). In S.
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officinalis from our study, cytosolic Cd was mainly associatgth high molecular weight
proteins and MTs seems to have a minor role inbihding of this metal (Figure 3). This
result is in accordance with previous reported fatather cephalopod species. For example,
most of the cytosolic Cd in the digestive glandhs squidsT. pacificus and_Onychoteuthis

borealojaponicavas bound to proteins weighing more than 70 kDanféka et al 1983,

Castillo et al 1990). Only a small part of the $dduCd was bound to low molecular weight
proteins (<3 kDa) or to proteins of similar sizeMd (10 kDa to 16 kDa). Moreover, Finger
& Smith (1987) have also reported the occurrenceCdfbinding proteins with a high
molecular weight (> to 70 kDa) in the digestiverglaof the squid N. gouldi

Similarly to Cd, Cu has been mainly found in theéospl of the digestive gland cells of the
squids_N. gould{78 + 10 %, Finger & Smith 1987) and T. pacifi¢68 + 5 %, Tanaka et al
1983) but poorly associated to hydrosoluble comdsun the squid Loligo forbegB5 %,

Craig & Overnell 2003) and in the octopus Octopulgaris (28 + 17%, Rocca 1969). The

presence of high Cu concentrations in the digesgiaad cells of S. officinalihas been
revealed histochemically in specific structureslechl“spherules” (Martoja & Marcaillou
1993). These authors suggested that these mdtadirerules would be made of complexed
metallothionein-like proteins and would explain thigh concentrations of Cu within the
digestive gland. However, the presence of suclctsires has not been confirmed by other
studies (Boucaud-Camou & Boucher-Rodoni 1983) amd@sults are not in accordance with
such a hypothesis. Indeed, because of their sieeggveraum), such structures would be
expected to sedimentate in the first or the sequeitbt fraction, containing in fact a low
proportion of the total Cu (Table 2). In S. offialis, Cu was mainly cytosolic, a main pool
corresponding to high weight proteins which migbhtain haemocyanin molecules (Taylor
and Anstiss 1999). However, Cu also appears todomdto MT proteins and to a lower

extent, to small size proteins and peptides (Fi@yre
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To the best of our knowledge, no data on Co subleeltistribution in the digestive gland of
cephalopod have been published to date. In S.imdfis, 64 % of this metal was associated to
the cytosolic fraction, which is very similar toetmesults reported for the Bivalves Chlamys

varia (76 %), Gafrarium tumidum(79 %), and_Isognomon isognomd@f5 %) in their

digestive glands (Bustamante & Miramand 2005, Megaal 2005). Low molecular weight
proteins seem to have a major importance in bin@ingFigure 3). This result is consistent
with those of Nakahara et al (1982) for O. vulgaiposed t6°Co via seawater, where the
proteins involved in the binding of the radionuelideighed less than 3kDa.

The predominant distribution of Ag in the insolulidaction {iz. the non-cytosolic fractions)
could be due to specific Ag storage/detoxificatiorihe digestive gland. In various bivalves,
Ag is trapped as non-toxic A8 precipitates within their tissues (Ballan-Dufraiscet al
1985, Martoja et al 1989, Berthet et al 1990, 1992) is mainly found associated to the
organelle subcellular fraction (e.g. Bustamante &akhand 2005). This mechanism of
sequestration would therefore inhibit the potehtidkleterious effects of the highly toxic Ag
which is highly accumulated in the digestive glarfidcephalopods (Martin & Flegal 1975,
Miramand & Bentley, 1992). Specifically, the lysozal and mitochondrial fraction appears
to play a major role in the binding of Ag (Table @ur results concerning Ag are opposite to
those of Tanaka et al (1983) for the squid T. pagsffor which 64 + 4% of the metal was
reported to be soluble and associated to smakim®{< 3kDa). The reasons of such a totally
contrary result are difficult to identify as var@biological and environmental factors could
modify the subcellular distribution of a single @etvithin a group or a species, such as the
phylogeny, the main pathway of incorporation (seéawas food), the level of the metal
accumulated, etc (e.g. Ueda et al 1985, Bustanmetrae 2002b). This clearly points out the

need to give light on the issue of Ag subcelluliatribution using a wide range of cephalopod



13

species and controlled experimental conditionshiWithe cytosolic fraction, Ag was mainly
bound to high molecular weight proteins and toveeloextent to MTs.

Similarly to Ag, Pb has no biological functions.time digestive gland d&. officinalis most

of this metal was found in the organelles (62%}hia digestive gland of the scall@pvaria,

Pb was also mainly bound to organelles, i.e. 66%heftotal metal burden (Bustamante &
Miramand 2005). Similarly, ifViytilus galloprovincialis and Modiolus modiolus, Pb was
mainly associated to the fraction containing nyclellular debris and insoluble salts
(Julshamm & Andersen 1983, Regoli & Orlando 1994 these Bivalves, Pb is accumulated
by endocytosis and precipitate as sulphur or pleteplsalts inside the digestive cells
(Coombs & George 1978) as well as in the extralzllcompartments (Schulz-Baldes 1978).
Lysosomes are deeply involved in the detoxificattdrPb and lead to the formation of Pb
salts representing the final stage of the lysosatatdxification process (Simkiss 1977)._In S.
officinalis, no specific affinity among the different fract®rhas been shown (Table 2),
suggesting that such a detoxification processl&ively limited, likely to be due to low Pb
concentrations found in this species.

The subcellular distribution of Fe in S. officirmlvith 96 % of the metal being bound to
organelles, can only be compared to the 86% regppdaieT. pacificus(Tanaka et al 1983).
However, the distribution among the organelle fmacis clearly different as in the cuttlefish
52% was bound to the nuclei fraction whereas irsthed, 42 % was bound to the microsome
fraction. In Bivalves such as mussels or clamsskdso primarily associated with the nuclei
fraction (Julshamm & Andersen 1983, Sullivan e1288, Regoli & Orlando 1994). In these
molluscs, Mn has a similar subcellular distributes Fe, which is actually not the case for
cephalopods (Table 2). This difference in the distron of Fe and Mn between the
organelles could be due to the difference in thet Hetween carnivorous cephalopods and

suspending or deposit feeder Bivalves. Indeed, [Begacould ingest suspended/deposited
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material enriched in Fe and Mn hydroxide particfeg. Bryan & Uysal 1978). Within the

cytosolic fraction, Mn and Fe are the only elememtsassociated to MTs (Figure 3).

CONCLUSION

The subcellular distribution of heavy metals clgavhries depending on the considered
element. For both essential and toxic metals, dygisstration in either the organelles or the
cytosolic proteins could lead to specific accumalat In this context, it is particularly
striking that the different detoxification mechans for toxic Ag (mainly insoluble) and Cd
(largely soluble) lead to their bioaccumulation ratatively high concentrations in the
digestive gland of S. officinalisin our conditions, a direct relationship betwemsmosolic
metal and MT could only be established for Ag andvihereas Cd and Zn seems to mainly
bind high (>70kDa) and low (< 4kDa) molecular weighoteins. Further studies should focus
on the induction of MTs by the different metals ucthg it synthesis in other invertebrates,
l.e. Ag, Cd, Cu, Hg and Zn in controlled conditiansorder to determine the dynamic of the

detoxification processes in cephalopods.
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Table 1. Comparison of elemental concentrationsgligwt) of Orchard-leaves standard,
SRM 1571 (National Bureau of Standards) and fiselflhomogenate, MA-A-2 (International

Agency of Atomic Energy) obtained in present studty certified values.

Standard Ag Cd Co Cu Fe Mn Pb Zn
Orchard leaves
Present study - 0.10 £0.05 0.17 £0.04 10+1 212 82+7 38+2 22+6
Certified values - 0.11 £0.02 (0.2) 12+1 30020 91+4 45+ 3 25+3
MA-A-2
0.12+0.01 0.069+0.008 0.09+0.08.4+0.7 65+5 0.62+0.09 0.43+0.14 35+4
0.81+£0.04 0.58 +0.07 331

Present study
0.08(40. 4.0+0.1 54 +1

Certified values 0.10+£0.01 0.066 + 0.004

(): recommended value
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Table 2. Partition of the metals (%) among theedldht separated fractions from the digestive
gland homogenates of the common cuttlefigbia officinalis.

Fractions Ag Cd Co Cu Fe Mn Pb Zn
Nuclei and brown bodies 19+3 14 +8 1116 13+£952+3 10+4 209 17+8
Lysosomes and mitochondria 44 +3 11+4 13+1 +P 305 31+2 20+£3 202
Microsomes 13+4 235 12+3 1914 14+£2 R+ 22+4 23+6
Total organelles 76 £ 10 48 + 17 36 +10 44 +15 98 73+£15 62+16 60+16
Cytosol 24 +£2 52+9 64+9 56+9 4+1 275 38 40+9
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Figure 1. Procedure of the subcellular fractiomatad the digestive gland of the cuttlefish
Sepia officinalis from the Bay of Seine.
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fractions ofSepia officinalis digestive gland.



