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S U W Y  

Pulse-labdling  with  “?Cd  was  used  to  study  the  movement  of  the  metal  through  the  manne  nematode Enoplus’brevis. When 
exposed  to  filtered  seawater  containing  ’09Cd  as  cadmium  chloride, the metal  first  appeared  in  association  with  the  cuticle. 
Polyacrylamide  gel  electrophoresis  demonstrated  that the metal  was  being  bound in the  cuticle  by  a  protein  with  a  molecular  weight 
(M.W.)  of 450,000 Daltons.  Io9Cd  was  subsequently  detected  in  the  hypodermis  and  muscle  layers  where it was  associated  with  a 
protein of  M.W.  28,000  Daltons,  and  fmally it appeared to accumulate in the  gut,  associated  with  a  third  protein  of  M.W. 
200,000  Daltons.  When  exposed  to  ImCd-labelled  sediment,  there  was  little  uptake by the cuticle but  a marked  uptake  and  loss 
over  several  days  by the  gut,  where  the  metal  appeared  to  be  bound by the  same  protein of M.W.  200,000  Daltons. 

%SUME 

Le flux du  cadmium à travers le nématode marin Enoplus  brevis Bastian,  1865. 

Le  mouvement du métal  dans  le  nématode  marin Enoplus  brevis a  été  étudié  par  la  méthode  dite du (( pulse-labelling B. Après 
immersion  du  nématode  dans  de  l’eau  de  mer  filtrée  contenant  du  ”’Cd,  ce  métal  apparaît  d’abord  être  associé à la cuticule. 
L’électrophorèse  sur  gel  polyacrylamide  révèle  que  le  métal  est  lié à la  cuticule  par  l’intermédiaire  d’une  protéine  dont  le  poids 
molédaire (P.M.)  est  de 450 O00 Daltons.  Ensuite,  le  est  décélé dans l’hypcderme  et  les  couches  musculaires, lié à une  seconde 
protéine  de  P.M.  28 O00 Daltons.  Enfin, il semble  s’accumuler dans l’intestin où il est lié à une  troisième protëie de  P.M.  200 O00 Dal- 
tons. En revanche,  lorsque  le  nématode  est  mis  au  contact  de  sédiments  marqués  par  le  logCd  il  n’y  a  pas  d’absorption  par la cuticule 
tandis  que  l’absorption  par  l’intestin,  beaucoup  plus  forte,  est  suivie  d’une  perte  après  plusieurs  jours;  dans  ce  dernier.cas,  le  métal 
est  lié à la  même  protéine  de P.M. 200 O00 Daltons. 

The importance of cadmium  as a pollutant of the 
marine  environment has been recognised for  some time. 
It is a highly toxic metal  and is introduced  to  the sea as 
a by-product  of  several  industrial  processes. It is accumu- 
lative and may be  concentrated by  organisms to levels 
well in excess  of those in  the environment (Douglas- 
Wilson,  1972; Eisler, 1981; Wright, 1978). In addition, 
being strongly electronegative it is readily adsorbed by 
organic material in marine  sediments where it becomes 
available to  the benthos (Luoma & Jenne,  1975;  Phelps, 
1979). 

Nematodes form a significant, sometimes  dominant, 
part of the meiobenthos  of marine  sediments (McIntyre, 
1969; Platt & Warwick,  1980) and yet the  group has 
been  almost totally ignored in pollution studies. Recent 
work  (Howell,  1982  a,  1982  b,  1983,  1984)  has indicated 
that some species of nematode  are very suitable for 
studies concerning the physiology  of accumulation of 
heavy  metals; this work  has been  extended to investigate 
the flux of cadmium  through  nematodes. In addition  it 
has  been  demonstrated by Howell and  Smith (1983) that 
metal-binding proteins can  be isolated using polyacry- 
lamide electrophoresis from body  extracts of the nema- 
todes  studied. In this communication,  results of further 
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work are  presented in which these metal-binding pro- 
teins are shown to  occur in different tissues of the body. 

Materials  and  methods 

AU glassware used  in  the following  experiments  was 
acid-washed and  thoroughly  rinsed in deionised  water 
before use. Glassware used to contain radioactive 
material  was treated  with the silicone-coating reagent 
Siliclad. All chemicals used were of analytical grade. 

Details of collection, exposure and analysis  of the 
nematodes  are given  below. 

COLLECTION 
The marine  nematode Enoplus brevis Bastian, 1865 

was collected by sieving sediment from Budle Bay, 
Northumberland, an unpolluted site (R. Howell, un- 
publ. data) and removing the nemarodes from  the sieve 
by  a mounted needle and  hand  lem.  Nematodes were 
then narcotised in a  2 O/o solution of  propylene  phenoxitol 
in seawater  (Ellenby & Smith, 1964),  subjected to mild 
ultrasonication to remove gut contents (Howell,  1982 b) 
and  then rinsed several times in clean seawater. 
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EXPOSURE TO  Io9CD-LABELLED  SEAWATER 

Approximately 100 nematodes were  exposed for 
12 hours  to seawater containing 3 mg 1-' cadmium 
chloride  and 100 pCi 50 ml-' '"Cd giving the  solution 
a high level  of  activity (1.64. x IO5 cpm  p.^ cd-'). ''"cd 
was obtained  from Amersham International plc, En- 
gland. After this period the  nematodes were rinsed in 
clean seawater and placed into  unlabelled seawater 
containing 3 mg 1-' cadmium  chloride  for  a  further 
period of 11.5 days.  Animals were exposed in covered 
Petri dishes, containing  a sterile, artificial substrate of 
Ballatini  glass beads (Anderson & Coleman, 1977), in  a 
constant  temperature room at 10°. Solutions were not 
aerated but were changed every 24 hours. 

Groups of twenty animals were removed at intervals 
of O, 1,3,6 and 12 days from  the  start of the  experiment 
and  the tissues analysed for  total  cadmium and "'Cd as 
described later. 

EXPOSURE TO '%D-LABELLED SEDIMENT 

Sediment  from  the Blyth estuary,  Northumberland, 
known from previous work to  be significantly contami- 
nated by cadmium (R. Howell, unpubl.  data) was  collec- 
ted and sieved to remove nematodes  and  other  members 
of the meiofauna. The filtrate  and washings were  collec- 
ted  and  after mixing with the  sediment  retained by the 
sieve, the  mixture was evaporated down at room tempe- 
rature  until  a  residue with the  approximate consistency 
of the original sediment was obtained.  A  sample of this 
reconstitued  sediment was placed  into 'OgCd-labelled 
seawater containing 100 pCi 100 ml-' for 1 hour  and 
then  the  mixture was again  evaporated down at room 
temperature  until  the  sediment  resembled  natural Blyth 
estuary  sediment. 

Approximately 100 nematodes were exposed to this 
labelled  sediment in Petri  dishes  maintained  in a constant 
temperature room at 10° as before. After 12 hours 
exposure  the animals were  collected, rinsed in clean 
seawater and placed into unlabelled Blyth sediment 
from which the  meiofauna had been removed by  sieving 
as described earlier. The animals were exposed to this 
sediment  for  a  further 11.5 days. 

Samples of twenty animals were removed at  time 
intervals of 1, 3, 6 and 12 days from  the  start of the 
experiment  and  treated as  follows. 

DISSECTION AND  ANALYSIS OF TISSUES 

Groups of nematodes  taken  from  the  exposure media 
(seawater or  sediment) were rinsed in clean seawater and 
narcotised  to  the  death  point  using  a 2 O/O solution of 
propylene  phenoxitol in seawater. They were then  sub- 
jected to mild ultrasonication to remove gut  contents 
after which individuals were dissected  into six regions as 
follows. The pharynx, up to  the oesophago-intestinal 
junction,  and  the tail, up to  the anal  aperture, were 
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removed first. The remainder was carefully  manipulated 
to  produce  a gut tube,  a  cuticular  tube,  the eggs, and 
N other  tissues u. The latter  included  the  hypodermis 
and  muscle layers and  the  reproductive  organs which 
could  not  be  successfully  separated  from one another. 

Tissues  from  the twenty animals in each group were 
pooled into two groups of ten,  dried  on ashless fdter 
paper  and weighed. The pooled tissues were then  homo- 
genised in 0.1 ml of 0.3 M sucrose at 0' and  the 
homogenare subjected to umasonicauon  for 10 minutes 
at 0' as described by Howell and Smith (1983). 5 fl 
aliquots of the  tissue  extracts were used  to  determine  the 
total  cadmium  concentration by flameless atomic  ab- 
sorption  spectrophotometry  using  a Varian Techtron 
atomic  absorption  spectrophotometer  fitted with a car- 
bon  rod  atomiser.  A 50 pl aliquot was taken  from  each 
tissue  extract and  added  to 10 ml of NE 262 scintillant 
and then analysed for '"Cd activity using  a  Beckman 
LS 100 C liquid  scintillation  counter, set to  a  counting 
efficiency of 2 O/O. 

DETERMINATION OF THE MOLECULAR  WEIGHTS 
OF THE OBSERVED  CADMIUM-BINDING  PROTEINS 

Analysis  of total  cadmium and logCd activity in  the 
different  tissues  indicated  that  the eggs, tail and pharynx 
were  of minor  importance to the flux of cadmium 
through  the  nematodes  during  the experiment. It was 
also noted  that peaks of logCd activity in the cuticle, gut 
and " other  tissues " occured at days 1 and 3 after  the 
start of the experiment. It was therefore decided to 
confine the f i a 1  part of the  experiment to those  tissues 
at  .those  times  to maximise the  use of the available 
animals. 

Approximately 100 nematodes were exposed to 
'ogCd-labelled seawater for 12 hours  and  then  to  unlabel- 
led seawater containing 3 mg 1-' cadmium as cadmium 
chloride  for  a further period of 2.5 days. Similarly 
100 nematodes were exposed to labelled, then  unlabelled 
Blyth sediment. Groups of 50 animals were taken  from 
the  exposure  media 1 and 3 days after  ths  start of the 
experiment. 

The  gut  contents were removed as described  pre- 
viously, the  nematodes were dissected into  the six re- 
gions and  protein  extracts were made of the  different 
tissues as described by  Howell and  Smith (1983). 

Polyacrylamide gel electrophoresis was carried out 
according to  the  mëihod of Hendrick and Smith (1968). 
Replicate 25 pl  aliquots of the  protein extracts from  the 
tissues were mixed with 5 pl of Bromophenol Blue 
tracking dye and  run  at  the same time  in gels Ath-9 O/O, 

7.5 O/o and 12 O/o cross-linking, using  a basic  buffer. There 
were two gels at each level  of  cross-linking,  one  of which 
was stained  for  protein  and the  other used to  detect '''Cd 
activity. Five standard  protein markers were run under 
the  same.conditions and all gels were  stained for  protein 
using  the  following  procedure.  Gels were first fured in 
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an isopropanol/acetic acid/deionised water mixture 
(Anon., 1974). Proteins were then  stained  using Coo- 
massie Blue (Swank & Munkres, 1970). Destaining was 
by a  Shandon  Southern transverse destainer.  Gels were 
quantified  using  a Joyce-Lobe1 densitometer. 

logCd activity was estimated by liquid scintillation 
counting  after  preparation  according  to Fillingame 
(1975). 

A mixture of proteins run  in basic buffer does not 
separate  according  to molecgar weight as occurs  in 
sodium dodecyl sulphate (S.D.S.)  electrophoresis.  How- 
ever if the  same  protein mixture is m n  in seversl  gels 
of different  percentage cross-linking the relative mobi- 
lity (Rm) of a  particular  protein  in the  different gels 
correlates  with its molecular weight (Hendrick & Smith, 
1968). The relative mobility of each  standard  protein  in 
each gel  was expressed as  100 x log (Rm x 100). These 
values were plotted against the gel percentage cross- 
linkage as shown in Figure 1. The slopes of the lines 
which were calculated are proportional  to  the molecular 
weights of the  proteins. Thus a  plot of M.W. against 
slope  produces  a  straight line  (Fig. 2) allowing the 
molecular weights of the unknown proteins  to be deter- 
mined. 

Results 

The results of the analyses of total  cadmium  and '"Cd 
activity in nematodes exposed to cadmium in seawater 
are shown in Figure 3. Figure 4 shows the  results  in 

Fig. 1. Gel  cross-linkage  against the value 100 x log 
(Rm x 100)  of  the  standard  proteins  (a-e)  and the 
unknown cadmium-binding  proteins  (f-h)  following  elec- 

' trophoresis  under  the  conditions of Hendrick & Smith 
(1868).  Axes  labelled  as  for  insulin  in  each  case. 
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Fig. 3. Graphs of total  cadmium  concentration  (black  circle)  and "'Cd activity  (black 
triangle) in tissues of E. brevis following exposure to cadmium-labelled  seawater.  Each 
point  represents  the  mean of two pooled  groups of ten  animals. Axes  labelled  as for  the 
cuticle  in  each  case. 
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animals exposed to cadmium in sediment. In  both cases 
it appears that  the eggs,  tail and  pharynx do  not play an 
important role in  the movement of cadmium through 
the nematodes. 

Detection of  '"'Cd activity in  the different tissues 
demonstrated  the  presence of three  cadmium-binding 
proteins of different molecular  weights. These were 
estimated to be (A) 450,000 Daltons (B) 200,000 Daltons 
(C) 28,000 daltons. Proteins A and C have been  observed 
previously in whole animal extracts (Howell & Smith, 
1983) but protein B has  not  been  demonstrated  before, 
Protein A was present in extracts from  the cuticle, and 
in  the tail and pharynx  (presumably by virtue of their 
cuticular component). Protein B was  isolated in  the  gut 
and pharynx  and protein C in  the tail and <( other 
tissues D. 

Discussion 

It appears  from  Figures 3 and 4 that  most of the 
cadmium flux occured  through the cuticle, gut  and 
" other tissues ". However the  temporal relationship 
between the "'Cd activity  peaks in these tissues were 
different depending  on  the  exposure  medium  used 
(seawater or sediment). In  the eggs, tail and pharynx 
there was little change in  the '"'Cd activity during  the 
period of the experiment. 

In  the cuticles of nematodes .exposed to  cadmium  in 
seawater there was an immediate  and  continuous  uptake 
of metal up to Day 6 when a plateau level  was esta- 
blished. This type of response  has  been  observed several 
times during studies on metal  uptake by organims 
(Wright, 1978). A "'Cd Peak occured after 1 day  of 
exposure but this subsequently  declined in  the cuticle 
despite the  continued  uptake of cadmium  from  seawater 
solution (Fig.  3). The loss of  "'Cd activity by the cuticle 
was not complete : some  remained and by the  end of the 
experiment  (Day 12) the activity  was approximately 20 O h  

of that  at Day 1. Since the total cadmium  concentration 
of the cuticle increased up to Day  6 it seems unlikely that 
the loss of '"'Cd activity from  the cuticle was due entirely 
to deabsorption from  the cuticular surface. 

The  gut showed a relatively  lower  level  of uptake  but 
at a significant rate throughout  the  period of exposure. 
There appeared to  be  a short time lag before the concen- 
tration in the  gut started to rise. '"'Cd activity  showed 
a Peak on  Day 3 after which the level remained  high 
during  the remainder of the  experiment.  Since it has 
been shown that E. brevis does not imbibe significant 
amounts of seawater in  the absence of sediment (R. Ho- 
well, unpubl. data), it seems  likely that any  uptake of 
cadmium by the gut  must be due  to passage through, 
or translocation from, the cuticle. This hypothesis  would 
then explain the  temporal relationship between "'Cd 
activity maxima observed in  the cuticle and  the  gut. 

Similarly, the incresase and  decrease in "'Cd activity 
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observed in the " other tissues " is then explained  since 
these tissues lie between, and contiguous with, the 
cuticle and  the  gut.  Movement of the cadmium, pro- 
bably in  bound  form,  from  the cuticle through  the 
" other tissues '' to  the  gut may  be  mediated by the 
wandering  phagocytic cells known as stellate cells and 
which are found  usually in  the pseudocoelom (Chitwood 
& Chitwood,  1974). 

Different patterns of cadmium  uptake were  observed 
in  the tissues of nematodes  exposed  to labelled sediment 
although as in  the case of seawater  exposed  animals, 
most of the  cadmium flux occured through the gut  and 
" other tissues ". 

There was relatively little uptake  by  the cuticle. This 
was probably due  to  the capacity of organic constituents 
of Blyth sediment to  bind  the strongly electronegative 
cadmium ions, thus  reducing  the  concentration of 
dissolved cadmium and  the  amount available for surface 
adsorption (Phelps,  1979). Once  sedimentary material 
has been  taken into  the  gut, changes in  the physico- 
chemical environment  may lead to the release  of  cad- 
mium which then  becomes available for uptake by the 
gut tissues. Thus there was a  rapid increase in "'Cd 
activity in the  gut tissues of nematodes exposed to 
labelled sediment. However, much of this activity was 
lost by the  gut by the  end of the experiment (Fig.  4). 
There was no  commensurate rise in "'Cd activity in  the 
cuticle or the " other tissues " and it is suggested  that 
the loss of activity from  the  gut was due  to  the removal 
of cadmium  from the  nematode via the  gut. The in- 
crease in total cadmium  concentration  measured in  the 
gut was  probably due  to translocation of the metal  from 
different tissues of the body  leading to saturation of the 
excretory mechanism and  subsequent storage in the  gut 
Wall (see  later). The removal of material in this way may 
only occur  when  sedimentary material is passing 
through  the gut because in  the absence of this move- 
ment,  the  high interna1 hydrostatic pressure  prevents 
normal  defecation. This also  suggests that part of the 
gut is concerned  with  absorption and  part with the 
removal or " excretion " of material probably by  exo- 
cytosis (Crofton, 1968;  Jennings & Colam, 1970). In  the 
case of nematodes  exposed to  cadmium  in seawater, the 
loss of material from  the gut lumen does not occur and 
the  gut tissues then act as a cc kidney of accumulation " 
as suggested by Jennings & Colam (1970), resulting in 
the rise in "'Cd activity observed in  Figure 3 b. 

There was a small increase in "'Cd activity in  the 
" other tissues " from  Day 3 of the experiment,  reaching 
a plateau level  by Day 6. It is  possible that this represents 
(( spill-over )) from  the gut tissues, suggesting  that the 
storage or excretory capacity of these tissues was being 
exceeded. 

Determination of the molecular weights of the cad- 
mium-binding proteins indicated the presence of an 
additional protein (Protein B) not previously  demonstra- 
ted in whole animal extracts (Howell & Smith, 1983). It 

Revue Nématol. 8 (1) : 45-51 (1985) 



Flux of cadmium through Enoplus  brevis 
~ 

was present in  the pharynx  and the " other tissues " and 
its incidence at these sites may offer a clue as to its 
identity. The pharynx contains a  structure known  as the 
ventral gland which secretes an Alcian Blue positive 
mucus (Howell,  1982  a). This has  been  demonstrated to 
be highly  effective at binding heavy metals and may  play 
a role in heavy metal  metabolism by the  nematodes 
(Howell,  1982  a). It is  also known that buccal glands and 
digestive  glands in  the pharynx and  foregut secrete 
mucus  and  that this passes through  the gut tube, to  form 
a lining to  the  gut as described  by T. King  (unpubl. 
observ.). This lining could  function to protect the gut 
Wall from  mechanical  abrasion by imbibed  sediment or 
as suggested by T. King (pers. comm.) it could  function 
as an ion exchange mechanism resulting in  the binding 
of cadmium ions  by the  gut tissues. Alternatively the gut 
Wall could  be  binding  cadmium directly,  possibly  utili- 
sing protein C which  may be  acting as a storage system 
for detoxifying the metal. Cadmium,  bound by pro- 
tein C, could  be retained in a detoxified state until it was 

, removed  from  the  body by  exocytosis into  the  gut 
lumen. This proposed  mechanism  resembles the system 
described in  the  hepatopancreas of crustaceans  and in 
the kidney of molluscs (Brown, 1978;  George et al, 
1978). 

The isolation of protein C from  the cuticle provides 
further evidence to support  the suggestion of  Howell & 
Smith (1983) that  it is a collagen-type component of the 
cuticle. 

Clarification of the  form of metabolised  cadmium 
immediately prior to its removal from  the nematode 
could  be achieved using electron probe microanalysis 
and work of this type is  now in progress. The results of 
this study will be  presented in a further communication. 
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