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ABSTRACT: Damage to blood cell lysosomes was investigated in vitro in mussels Mytilus galloprovin-
cialis collected from a series of sites in the Lagoon of Venice, Italy, and correlated with total tissue bur-
dens for a range of contaminants. Retention of the cationic probe neutral red within the lysosomal com-
partment over time was used as a measure of damage to the lysosomal membrane. Multi-stepwise
regression analysis was used to explore the relationship between altered cellular physiology and total
body burdens of contaminants. Organochlorines (DDT, HCH and Aroclor 1254), mercury and cobalt
were the principle factors involved in evoking pathological responses.
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INTRODUCTION

In determining the toxicity of chemicals to marine
organisms, it is important to consider a myriad of
abiotic factors that affect bioavailability and uptake;
for example, salinity, temperature and redox potential,
as well as the size, polarity and surface charge of the
molecules. Biotic factors are equally important in
determining body burdens and toxicity which vary
with the organisms' size and age, nutritional state,
routes of chemical uptake and capacity to excrete and
detoxify chemicals.

From the view of the ecotoxicologist, the problem of
predicting adverse effects is made even more difficult
in that chemical contaminants seldom occur in isola-
tion in the environment, but are present in a ‘cocktail’.
Consequently, cause and effect relationships are usu-
ally extremely difficult to establish. A notable excep-
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tion to this generalisation is tributyltin, where it has
been possible to relate a particular contaminant to spe-
cific biological effects with a reasonably well-defined
exposure-response relationship (Bryan et al. 1988).
Despite the limitations there is a considerable body of
evidence demonstrating that exposure to some chemi-
cals (e.g. trace metals, polyaromatic hydrocarbons and
polychlorinated biphenyls), either singly or in combi-
nation, is detrimental to animal health.

An understanding of the mechanisms by which
chemicals exert their toxicity is a prerequisite to estab-
lishing causality. It may then be possible to predict
how the presence of other chemicals and changes in
abiotic and biotic factors modulate toxicity. One way to
achieve this is through the development of sensitive
biomarkers that respond to chemical challenges and
which can be used to explore the mechanisms involved
in contaminant-induced alterations in cell structure
and function.

Alterations in blood cell functions as a biomarker of
contaminant impact and effect have tended to address
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changes in immunological parameters (see review by
Weeks et al. 1992). Whilst the potential of immune
parameters as determinants of environmental contam-
inant impact has been acknowledged for many years,
there was a paucity of published work on the subject
until recently. The principle cellular responses to
receive attention have been alterations in phagocytic
potential and changes in the size and abundance of
melanomacrophage centres of the liver, kidney and
spleen of fish. The latter have given rise to some
highly variable results (Haensly et al. 1982, Kranz &
Peters 1984). However, in a departure from the more
traditional measures of the immunocompetence,
recent work by Pipe {1993) and Coles et al. (1994) has
addressed alterations in molluscan blood cells that
give insight into the mechanisms of the immune
response. In their role as components of the immune
response, blood cell lysosomes release acid hydro-
lases which are able to degrade circulating patho-
gens. However, unscheduled release of acid hydro-
lases may have disastrous consequences. Once the
functional integrity of the lysosomal membrane has
been compromised and the acid hydrolases gain free
access to the cytoplasm, further damage and disrup-
tion to the cell is almost inevitable. Lysosomes have a
remarkable ability to accumulate a diverse range
of toxic metals and organic chemicals (Moore 1990).
However, concentrating contaminants results in en-
hanced toxicity and cell injury via damage to the lyso-
somes and leakage of their acid hydrolases as well as
the contaminants into the remainder of the cytosol, as
described above.

Borenfreund & Puerner (1985) published a method
in which alterations in the capacity of cells to take
up the dye neutral red was used as an indicator of
cell damage. The rationale used was that healthy
cells could take up and retain larger quantities of the
dye than damaged cells. The method involved expos-
ing cells to the test medium and then incubating
them in a neutral red solution. Following incubation
the dye remaining in the cells was extracted and
measured spectrophotometrically. For the purpose of
these studies and those of Lowe et al. (1992, 1995)
and Lowe & Pipe (1994), it was reasoned that if the
dye could be measured with a spectrophotometer it
could be visualised through a microscope. Indeed, if
the lysosomally accumulated dye could be visualised,
then the progress of dye uptake into the cells and, in
the case of damaged cells, leakage back into the
cytosol could be monitored and quantified using time
as the determinant of effect. The retention methods
developed by Lowe et al. (1992) for fish hepatocytes
and mussel digestive cells (Lowe & Pipe 1994, Lowe
et al. 1995) used microscopy to assess neutral red
uptake and efflux, but involved sacrificing the ani-

mals and enzymic digestion of tissues, thereby
removing the opportunity of follow-on studies to in-
vestigate recovery or interactive effects. By contrast,
blood cells, which are generally easy to obtain with-
out harming the host, offer a sensitive but robust
lysosome rich model cell type that can be studied
using in vitro methods and, as an isolated cell, opens
the opportunity for further contaminant interaction
studies.

The purpose of this investigation was to apply, with
some slight modifications, the neutral red retention
assay of Lowe & Pipe (1994) to mussel blood cells in a
field study to assess contaminant impact on mussels in
the Lagoon of Venice, Italy, and, further, to investigate
the relationship between probe retention time and
total body burdens for a range of environmental conta-
minants with a view to exploring causality.

MATERIALS AND METHODS

For the in vitro studies, 5 mussels Mytilus gallo-
provincialis (size range 30 to 50 mm) were collected
during June 1992 and May 1993 from each of a series
of sites (see Fig. 1) in the Lagoon of Venice and a
reference platform situated approximately 13 km off-
shore in the Adriatic Sea. Following transfer to the
laboratory, epibionts were removed from the mussel
shells. The mussel valves were prised apart with a
solid scalpel and 0.5 ml of haemolymph was with-
drawn from the anterior adductor muscle into a 2.5 ml
hypodermic syringe fitted with a 25 gauge needle and
containing 0.5 ml of physiological saline (Peek & Gab-
bot 1989). Having obtained the haemolymph sample,
the hypodermic needle was discarded to reduce shear-
ing forces during the subsequent expulsion of the
syringe contents into a 2 ml siliconised (Sigmacote)
Eppendorf tube held in water ice.

Neutral red retention assay. The acid environment
of lysosomes is maintained by the membrane Mg2*-
ATPase dependent H* ion proton pump (Ohkuma et al.
1982); the neutral red retention assay reflects the efflux
of the lysosomal contents into the cytosol following
damage to the membrane and, possibly, impairment of
the H* ion pump (Lowe et al. 1992).

A stock solution of neutral red was made by dissolv-
ing 20 mg of dye (C.1. 50040) in 1 ml of DMSO. A work-
ing solution was then prepared by diluting 10 pl of the
stock solution with 5 ml of a mussel physiological
saline (Peek & Gabbot 1989).

A 50 pl aliquot of the cell suspension was dispensed
onto a 26 x 76 mm microscope slide and suspended on
a rack in a humidity chamber consisting of a shallow
insulated vessel containing water ice (incubation tem-
perature 10°C) for 15 min to allow the cells to attach.
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Fig. 1. Sampling sites for mussels in
the Adriatic Sea and the Venice
Lagoon during 1992 and 1993. Stn 1,
Adriatic: platform 8 miles offshore;
Stn 2, Chioggia: mussel farm in
southern lagoon; Stn 3, Alberoni:
mussel farm in central lagoon; Stn 4,
Lio Grande: canal in NE lagoon;
Stn 5, Crevan: canal in northern
lagoon; Stn 6, Salute: inner city site
at junction of Grand Canal and
Canale della Guidecca (domestic
waste inputs); Stn 7, CVE: lagoon site
adjacent to industrial area of Porto
Marghera (industrial waste inputs)
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The excess solution was then carefully tipped off and
40 pl of the neutral red working solution added to the
area containing the attached cells. A 22 x 22 mm cov-
erslip was then applied. After 15 min incubation in an
insulated light proof chamber, the preparations were
inspected under a microscope (x500 magnification).
Following a further 15 min incubation the preparation
was examined again and thereafter at 30 min intervals
to determine the time at which the dye that had been
taken up into individual lysosomes (turning them red)
had leached out into the cytosol. The test was termi-
nated when dye loss was evident in 50 % (numerically
assessed per field of view) of the small granular
haemocytes (Pipe 1990) and the time recorded; the
study was truncated at 180 min. Following each
inspection, the preparations were returned to the incu-
bation chamber. The procedure as described above
does not produce a monoculture, but as the different
cell types can be clearly distinguished through the
microscope this was not considered to be a problem.

Tissue chemistry (organic contaminants). Compos-
ite samples were made up by pooling (depending on
flesh weight) the soft parts of between 6 and 10 adult
mussels (size range 30 to 50 mm) and the tissues
blended and freeze dried, recording the wet:dry wt
ratio of each sample.

Extraction of hydrocarbons and chlorinated hydrocar-
bons was accomplished by Soxhlet refluxing approxi-

mately 2 g of freeze dried sample for 8 h with n-hexane.
Extracts were evaporated at 50°C to constant weight for
determination of extractable organic matter and, after
dissolution in 1 ml of n-hexane, fractionated by chro-
matography on a column of 4 g of neutral aluminium ox-
ide and 4 g of silica gel, both deactivated with 5% water
(Reinhardt & van Vleet 1986). Two portions were eluted:
the first with 20 ml of n-hexane contained aliphatic
hydrocarbons, PCBs (polychlorinated biphenyls) and
pp'DDE (dichloro-diphenyl dichloroethene); the second
with 30 ml of hexane-methylene chloride (8:2) contained
PAHs (polycyclic aromatic hydrocarbons), HCH isomers
(hexachlorocyclohexane), pp'DDT (dichloro-diphenyl
trichloroethane) and its metabolite pp’'DDD (dichloro-
diphenyl dichloroethane).

Individual column elutriates were analysed using
flame 1onisation detection and electron capture detec-
tion gas chromatography (C. Erba 4160 GC) using a
30 m x 0.32 mm i.d. SE-54 fused silica column with
hydrogen as a carrier gas. The identity of compounds
was deduced from their retention times. Quantification
was based on peak area measurements and compari-
son with responses of reference standards: Kuwait
crude oil, alpha HCH, gamma HCH, pp’DDE, pp'DDD,
pp'DDT, PCB Aroclor 1254 and the 8 PCB congeners
(PCBX8C) Numbers 52, 101, 110, 118+149, 138, 153
and 180 (nomenclature according to Ballschmiter &
Zell 1980j.
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PAHs were determined in the second fractions by
reverse-phase liquid chromatography (Hewlett-
Packard (HP) 1090A and fluorescence detector, HP
1046A) using 200 x 2.1 mm 5 um Hypersil column
(C18) with acetonitrile-water mixtures as a mobile
phase. Standardisation was carried out using dilutions
of the Supelco PAH mixture 610-M, which contains
16 PAH included on the U.S. Environmental Protection
Agency's priority pollutant list, namely: acenaph-
thene, acenaphthylene, anthracene, benz[a]anthra-
cene, benzol[a]pyrene, benzo[bJfluoranthene, benzo-
[k]fluorathene, benzo[ghi]perylene, chrysene, dibenz
[a,h]anthracene, fluoranthene, fluorene, indeno|1,2, 3-
cd]pyrene, naphthalene, phenanthrene and pyrene
(= PAH 316C).

Tissue chemistry (trace metals). For trace metal
analyses, aliquots of about 0.5 g of freeze dried tissue
were digested at 120°C in a teflon bomb for 4 h with
5 cm?® concentrated HNO;. The resulting solution was
made up to 50 cm?® with distilled water. Metal determi-
nations were performed on an atomic absorption spec-
trophotometer (Perkin-Elmer model 372). Copper, iron,
zinc and manganese were measured directly in an air-
acetylene flame; cadmium, lead, nickel, cobalt and
chromium were measured using graphite furnace
atomic absorption spectrophotometry, and mercury
was reduced with NaBH, and measured by flameless
procedure. Deuterium background correction was
used for Cd, Fe, Pb and Zn.

Data analysis. To explore the relationship between
neutral red retention time and the presence of the var-
lous contaminants, the data were tested by multi-step-
wise linear regression. However, inasmuch as the liter-
ature is undecided as to whether their effects are
additive or not, the organochlorines were tested both

pooled (as HCH + Aroclor 1254 + DDT but excluding
PCB2X8C as these 8 PCB congeners are included in the
formulation of Aroclor 1254) and individually.

RESULTS
Organic contaminants

The results of the organic contaminants analysis
showed generally good agreement between sites for
the 2 sampling periods, the notable exception being
HCH which was appreciably higher in 1992 as com-
pared to 1993. With the exception of HCH, the highest
levels of organic contaminants were found in tissues
from Salute mussels, a site in the centre of the City of
Venice considered to be high in contaminants derived
from domestic waste. Organic contaminants were also
high in mussel tissues from the industrial site in the
Canale Vittorio Emanuele (CVE) as compared to the
remaining sites (see Table 1).

Metal contaminants

Analysis of metal contaminants in tissues revealed
greater variability than was observed for the organic
contaminants between duplicate sites for the 2 sam-
pling periods. Levels of Cu, Mn, Pb and Co were ele-
vated during 1993, whereas Fe and Hg were lower as
compared to 1992; the remaining metals were broadly
unchanged between years. Also during 1993, metals in
tissues from Adriatic mussels either doubled or
remained unchanged as compared to levels in 1992
(Table 2).

Table 1. Contaminant body burdens of HCH isomers, DDT, PCBs (quantified as Aroclor 1254), PCBX8C (sum of 8 individual con-
geners), total chlorinated hydrocarbons (ng g~' dry wt), aliphatic hydrocarbons (UCM, unresolved complex mixtures, pg g~
dry wt), and PAHX16C (total of 16 polyaromatic hydrocarbons, ng g~! dry wt)

Site HCH DDT Aroclor 1254
1992

CVE 18.62 34.00 854.36
Salute 13.45 74.22 1383.61
Crevan 7.13 16.42 233.33
Adriatic 5.52 10.74 107.85
1993

CVE 5.23 49.17 889.06
Salute 3.60 65.49 1051.08
Crevan 1.37 19.90 169.41
L. Grande 1.50 17.01 240.58
Alberoni 2.98 22.38 217.53
Chioggia 0.87 9.34 150.64
Adriatic 3.54 12.97 112.39

PCBX8C  XOrganochlorines  UCM PAHZ16C
448.89 906.98 441.09 336.89
745.50 1471.28 584.87 879.53
128.79 256.88 212.56 131.02

53.83 124.11 322.92 112.95
520.99 943.46 744.95 322.10
660.12 1120.17 774.11 828.06
100.85 190.67 236.00 137.85
157.43 259.09 361.13 235.93
145.28 242.89 207.23 210.67

92.69 160.84 287.59 178.49

65.35 128.89 230.70 85.72
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Table 2. Total body burdens of trace metals (ug g~! dry wt) in mussel tissues collected during 1992 and 1993

Site Cu Zn Fe Mn Cr Cd Pb Co Ni Hg
1992

CVE 7.63 103.58 255.61 8.83 0.93 2.01 6.84 2.61 2.53 0.31
Salute 8.35 62.00 160.14 6.67 0.66 1.63 11.63 1.56 1.84 0.29
Crevan 7.67 62.37 414.71 13.49 1.14 1.77 4.34 1.33 3.30 0.58
Adnatic 8.14 112.99 12471 6.65 0.45 1.79 7.47 1.69 2.26 0.29
1993

CVE 13.41 97.16 230.26 18.09 8.56 2.68 59.30 5.89 14.41 0.14
Salute 28.50 110.49 189.69 19.39 1.64 0.86 16.98 3.64 5.22 0.28
Crevan 7.20 146.39 271.92 19.18 0.98 1.00 45.68 3.04 3.00 0.38
L.Grande 15.28 100.20 294.32 19.20 1.37 0.56 8.61 2.43 2.35 0.36
Alberoni 17.09 75.07 391.27 22.81 15.01 4.17 23.53 2.37 18.51 0.15
Chioggia 10.22 94.46 468.41 25.69 1.93 0.69 22.27 3.00 1.97 0.24
Adriatic 16.82 51.70 107.58 12.73 1.56 2.83 10.66 1.12 2.05 0.17

200 T

Neutral red retention 120 A

The neutral red retention assay
(Fig. 2) indicated that whilst blood cell
lysosomes from the reference popula-
tion in the Adriatic Sea had the capac-
ity to retain the dye for 180 min, those
from the natural lagoon sites lost the
dye to the cytosol between 0 and
33 min (range of mean values for all
natural lagoon sites) and 120 and
138 min respectively after dye expo- 20
sure for the 2 aquaculture sites at
Chioggia and Alberoni. For the 4 sites
sampled in both 1992 and 1993 (ie.
Adrnatic, CVE, Salute and Crevan)
there was good agreement for the
neutral red retention times.
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Statistical analysis

The multi-stepwise regression analysis of all con-
taminant data using the pooled organochlorines
(Tables 1 & 2) produced a subset model of total organo-
chlorines, mercury and cobalt which accounted for
83% of the biological variability. The p statistics for
total organochlorines, cobalt and mercury were 0.010,
0.023 and 0.006 respectively.

Regression analysis of individual organic contami-
nants indicated that whereas the 8 PCB congeners
(PCBX8C), Aroclor 1254 and DDT could account for
43% (p > 0.03), 42% (p < 0.03) and 38% (p < 0.04)
respectively of the biological variability, HCH could
account for only 13 % and was not significant. Neither
PAHZ216C nor UCM produced a significant correlation
with the times of neutral red retention.

CVES3 $a%2 $a93 Cr92 Cr93

L.G92 Cho3 Al93

Fig. 2. Mean neutral red retention time (2 SE} in blood cell lysosomes of mus-

sels collected from sites in the Adriatic Sea and the Lagoon of Venice (Adr: Adri-

atic; Ch: Chioggia; Alb: Alberoni; LG: Lio Grande; Cr: Crevan; Sa: Salute; and
CVE: Canale Vittorio Emanuele) during 1992 and 1993

DISCUSSION

The significant decrease in retention time exhibited
by lysosomes of mussel blood cells from the industrial
(CVE) and domestic waste (Salute) sites is consistent
with the findings of previous studies using isolated
digestive cells from contaminated animals (Lowe et
al. 1992, 1995, Lowe & Pipe 1994). Although there
was a marked difference in the probe retention times
among sites this was not reflected in the burdens of
all contaminants. Both CVE and Salute were, for
example, clearly more heavily contaminated with
organochlorine and hydrocarbon compounds than the
other sites; the patterns of distribution of the various
metals among sites were less well defined. Even so,
the multi-stepwise regression analysis highlighted
mercury and cobalt as significant contributing factors
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to the observed changes in lysosomal structure and
function.

In previous experiments, exposure to PAHs has been
shown to reduce probe retention time in lysosomes
(Lowe & Pipe 1994, Lowe et al. 1995) and adversely
effect lysosomal structure (Lowe et al. 1981). However,
in the studies reported here the severity of the effect
induced by the organochlorine compounds appears
to 'mask’' that induced by the PAH component. The
regression analysis of the individual contaminants
revealed that whilst PAHs could account for some 28 %
of the biological variability, the organochlorines with
the exception of HCH accounted for between 38 and
43 % of the variability.

The increased damage resulting from exposure to
the organochlorines compared to that associated with
PAHs in all probability reflects the fact that the former
are bulkier. For example, DDT contains large chlorine
atoms which contribute to membrane disruption (Nel-
son et al. 1990), in contrast to PAHs, which are gener-
ally more planar and produce less damage on pene-
trating cell membranes.

The argument for the effects of the organochlorines
to be considered as additive may be found in the QSAR
(Quantitative Structure Activity Relationship) litera-
ture. Broderius (1991) stated that ‘if test chemicals con-
form to a QSAR that defines a suspected mode of toxic
action, then one might expect that chemicals which
define this mode will be strictly additive in their joint
toxicity'. Whilst the analysis of the contribution of the
organochlorine compounds to lysosomal damage in
this investigation does not give any direct evidence as
to whether their effect is additive, it does indicate that
their mode of toxic action, with the exception of HCH,
is the same.

The smaller biological response associated with the
HCH may be related to its structure, which is some-
what more planar than the other organochlorines,
thereby exerting less of a damaging effect on the
membranes. Alternatively, the lesser correlation may
relate to the relative proportion of that contaminant
compared to the other organochlorines. The tissue bur-
den of the HCHs was approximately half that of DDT,
which was an order of magnitude less than the 8 PCB
congeners and Aroclor 1254.

Of the trace metals studied, cobalt and mercury
appeared to be most toxic, at least with regard to the
biomarker measured. Supportive evidence for the
inclusion of Co in the subset model may be found in
Smith et al. (1984), who demonstrated that lysosomal
membrane integrity was adversely effected following
injection of rats with cobalt chloride, resulting in the
release of acid hydrolases into the circulatory system.
Similarly, with regard to mercury, Verity & Brown
(1968} demonstrated destabilization of lysosomal

membranes in mice following exposure, whilst studies
by Madsen & Christensen (1978} indicated that mer-
cury becomes localised within lysosomes in renal cells.
Working with the colonial hydroid Campanularia flex-
uosa, Moore & Stebbing (1976) demonstrated elevation
of free lysosomal hydrolases following exposure to Hg,
which they attributed to decreased membrane stability
resulting in reduced latency.

Whilst the studies cited above provide support for
the hypothesis that cobalt and mercury contributed to
the induction of biomarker responses in the mussels
from polluted sites, it is unclear why other metals,
notably Fe, Mn, Cu and Ni, were not implicated, too.
For example, Fe, Mn and Co are somewhat similar
chemically and their ions are subject to handling by
many common pathways (e.g. binding to, and trans-
port by transferrins; Depledge et al. 1986, Goyer 1991).
The answer may lie in some special toxicological char-
acteristics of cobalt. For example, when administered
to mammals, cobalt decreases levels of cytochrome P-
450 by inhibiting synthesis of the enzyme and decreas-
ing its degradation (Timbrell 1991). Whether such
effects occurred in mussels from the polluted sites and
how they might influence the toxicity of organic pollu-
tants awaits investigation.

With regard to copper, Cheng (1990) working with
oyster Crassostrea virginica haemocytes showed that
exposure to Cu inhibited release of lysosomal enzymes
into the serum, whilst exposure to Cd was not
inhibitory. By contrast, Viarengo et al. (1981) and Har-
rison & Berger (1982), both working on mussel diges-
tive cells, observed lysosomal membrane destabiliza-
tion and associated enzyme leakage in response to Cu
exposure. In the current study, copper was not impli-
cated in toxicity, although recent studies by Pipe et al.
(1995) have demonstrated that immunocompetence in
mussels is adversely effected by this metal.

Very little is known concerning the intracellular dis-
tribution and binding of nickel (Goyer 1991). Binding
to sulphydryl groups of metallothionein has been
demonstrated in much the same way as mercury bind-
ing, but unlike mercury, nickel is nutritionally essen-
tial, so that the biochemical systems of the cell may be
better able to detoxify and excrete excess nickel ions.

Depledge (1994) pointed out that whilst biomarkers
which signify exposure to pollutants are useful, those
which signify that organisms are experiencing adverse
effects are more ecologically relevant. The signifi-
cance of damage to the lysosomal vacuolar system, for
an individual or a population, can be inferred from
studies by Regoli (1992). Using depressed lysosomal
latency in mussel digestive tissues as a biomarker of
contaminant-induced damage, Regoli (1992) demon-
strated that 4 mo depuration following metal contami-
nation did not result in any increase in the latency
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period. As latency did not recover, damage to lysoso-
mal membranes does not appear to be transient.
Indeed, it may become more severe due to lipid perox-
idation, a free radical chain reaction which causes fur-
ther membrane damage {Mehlhorn 1986). In this con-
text, studies by Moore & Viarengo (1987) indicated
that increased lysosomal membrane fragility in mus-
sels is directly related to enhanced protein catabolism
and consequently, failure of the membranes to recover
in the short to medium term. This may have implica-
tions for impacted mussels in terms of reduced growth
and reproductive potential.

Lowe et al. (1992) postulated that release of the neu-
tral red dye into the cytosol following membrane dam-
age may be due to impairment of the lysosomal mem-
brane proton pump. The internal acid environment of
lysosomes is maintained by a membrane Mg?* ATPase
dependent H* ion proton pump (Ohkuma et al. 1982).
Dysfunction of the pump would lead to a marked
increase of the intralysosomal pH and, in the absence
of any gradient, free passage of the lysosomal contents
including neutral red into the cytosol. Failure or dys-
function of the proton pump may be a direct conse-
quence of contaminant action or alternatively the
result of & reduction in ATP synthesis following conta-
minant damage to mitochondria; however, both of
these points require further study.

In summary, the present study examined contami-
nant impact on mussels in the Lagoon of Venice using
lysosomal neutral red retention as a biomarker of
effects on blood cells. In addition, using correlative
analysis, the relationship between the biomarker
response (probe retention time) and total body bur-
dens of a range of organic and inorganic contaminants
was examined. Mussels from some parts of the study
area were clearly impacted, as evidenced by impair-
ment of lysosomal function in blood cells. The presence
of organochlorines, cobalt and mercury appeared to be
a major contributing factor to toxicity resulting in blood
cell lysosomal pathology.
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