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Abstract:

Disseminated neoplasia (DN) has been detected in cockles from various beds in Galicia (NW Spain).
A study was performed to characterise cockle neoplastic cell ultrastructure and to evaluate the effect
of this disease at different severity stages on various haemolymph cell parameters. Examination of
cockle neoplastic cells with transmission electron microscopy (TEM) showed round shapes and a lack
of pseudopods, a high nucleus:cytoplasm diameter ratio, Golgi complexes, abundant mitochondria,
ribosomes, and numerous endoplasmic reticulum tubes and electron-lucent vesicles. Various
haemolymph cell parameters (cell mortality, non-specific esterase and lysosome biovolume, reactive
oxygen intermediates [ROI] production, phagocytosis ability, intracellular Ca** and actin levels) were
compared between DN severity categories by flow cytometry; haemocyte mortality, non-specific
esterase activities and lysosome biovolume were found to be higher with increasing DN severity. The
phagoc%/tic ability of neoplastic cells was sharply reduced with regard to haemocytes. The cytoplasmic-
free Ca“" level was higher and actin content lower in haemolymph cells of diseased cockles compared
to unaffected ones. A significant increase in ROI production was detected in later stages of disease
progression.
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1. Introduction

One of the primary roles of haemocytes in bivalve molluscs is defence. Phagocytosis of
foreign particles by haemocytes is an important process of the cellular defence system,
and different phases can be observed through the process: recognition, adhesion,
ingestion, destruction and elimination of foreign cells or particles (Yakovleva et al.
2001, Tiscar & Mosca 2004, Goedken et al. 2005). Lysosomal enzymes and cytotoxic
molecules produced by haemocytes contribute to the destruction of phagocytosed
pathogenic organisms (Cheng 1981).

Disseminated neoplasia (DN) is an invasive disease in which the haemocytes are
progressively replaced with neoplastic cells. DN has been reported for 15 species of
marine bivalves throughout the world (Peters 1988, Elston et al. 1992), cockles
Cerastoderma edule among them. The ontogeny of DN in bivalve molluscs is not well
understood, although many authors favour a haemopoietic origin (Barber 2004).
Neoplastic cells are characterised by their rounded shape, inability to spread out by
means of pseudopodia and filipodia, and absence of cell aggregation (Balouet & Poder
1985). Regression of the disease may occur, but only in the initial stages (Elston et al.
1988). Thus, the loss of haemocytes could leave the host immunity compromised, and
the individuals affected by DN could die as result of secondary infections. High
mortality has been associated with DN (Barber 2004). DN has been detected in cockles
from various beds in Galicia (NW Spain) and its association with cockle mortality was
suggested in natural beds (Carballal et al. 2001, Villalba et al. 2001). Significantly
higher mortality of DN-affected cockles than of unaffected ones has been confirmed in
laboratory tanks (S. Diaz unpubl. data).

Various studies have shown the loss of phagocytosis ability of neoplastic cells in
comparison with normal haemocytes in Mytilus trossulus (Kent et al. 1989, Noél 1992),
M. edulis (Galimany & Sunila 2008) and Mya arenaria (Beckmann et al. 1992, Potts
1993). Analyses by light microscopy showed failures in adhesion and spreading on
glass slides of neoplastic cells in M. edulis (Elston et al. 1988). Loss of adhesion ability
could be the result of an alteration of the cell surface proteins. Normal haemocytes of
M. arenaria express a 130 KDa protein recognised by murine monoclonal antibody
MAB 2A4 that is not detected in neoplastic cells (Miosky et al. 1989), which may be
related to adherence (White et al. 1993). Differences in adherence and phagocytic
behaviour between haemocytes and neoplastic cells are related to altered cytoskeletal
structure. Significant differences in the cytoskeletal architecture and quantity of actin
filaments were found between haemocytes and abnormal cells of M. arenaria (Moore et
al. 1992).

Lysosomal enzymes and reactive oxygen intermediates (ROIs) are immune factors
used by haemocytes during phagocytosis to destroy microorganisms (Cheng 1981).
Hydrolytic enzymes were detected in neoplastic cells of Mytilus edulis (Lowe & Moore
1978) in spite of their reduced phagocytosis ability; qualitative and quantitative
increments of lytic enzyme activity were found in neoplastic cells of Mya arenaria
(Beckmann et al. 1992). Nevertheless, no significant differences were found for ROI
production between neoplastic cells and normal haemocytes of M. edulis (Galimany &
Sunila 2008).

Flow cytometry is a versatile technique applicable to both morphological and functional
studies of suspended particles. Flow cytometry makes it possible to analyse different
parameters simultaneously in a large number of cells in a short time, thus improving
the efficiency and capacity of more traditional immunological methods (Fisher & Ford
1988). Flow cytometry has been used to analyse size, organelle contents, viability,
phagocytosis capacity, enzyme activities and ROI production of haemocytes in various
bivalve mollusc species (Gagnaire et al. 2004, 2006, 2008, Samain et al. 2007, Morga
et al. 2009)



The aim of the present work was to characterise the ultrastructure of neoplastic cells of
cockles through transmission electron microscopy (TEM) and to evaluate the effect of
disease at different severity stages zzon various haemolymph cell parameters using
flow cytometry. The cell parameters studied were cell mortality, non-specific esterase
activities, lysosome biovolume, ROI production, phagocytosis ability, and intracellular
Ca?" and actin levels.

2. Materials and methods

Cockle collection and diagnosis. Cockles Cerastoderma edule were collected from a
natural intertidal bed affected by DN in Ria de Arousa (Galicia, NW Spain) in April 2007
and transported to the laboratory in the Centro de Investigaciébns Marifias, Vilanova de
Arousa, Spain. Each cockle was notched through the shell margin close to the
posterior adductor muscle, and a small quantity (ca. 100 pl) of haemolymph was
collected from the posterior adductor muscle using a 2 ml syringe with a 21 gauge
needle. The haemolymph was diluted 1:2 in cold Alsever’s anti-aggregant solution and
used to produce a cell monolayer on a slide by cytocentrifugation (92 x g, 5 min, 4°C).
The monolayer was fixed, stained with Hemacolor® (Merck) kit and examined with light
microscopy for DN diagnosis. The cockles were ranked according to a scale of disease
severity: unaffected (NO), low severity (N1) in which individuals showed proportions of
neoplastic cells lower than 15% in the haemolymph cell monolayers, moderate severity
(N2) in which proportions ranged from 15 to 75%, and high severity (N3) in which
proportions were higher than 75% (Diaz et al. 2010). The diagnosed cockles were kept
in a tank with running sea water for 2 d; 3 of those with high severity DN were used for
TEM examination and the remaining ones were transported to the Laboratoire de
Pathologie et Génétique in La Tremblade, France in a refrigerated container for flow
cytrometry analyses.

The diameters of cells corresponding to each cell type that was recognised in
haemolymph cell monolayers from healthy and DN-affected cockles were measured (n
=100 cells of each type) to determine the mean (+ SD) size of each cell type.

TEM preparation. Haemolymph was collected from 3 N3 cockles. The haemolymph
was diluted 1:1 in fixative solution (2.5% glutaraldehyde in sodium cacodylate 0.2 M
with sucrose) for 30 min. Diluted haemolymph was centrifuged (750 x g, 10 min) and
the pellet was washed in 0.2M sodium cacodylate buffer with 7% sucrose for 2 h at
4°C. Cells were pre-embedded in 1.5% agarose at 50°C and centrifuged (1700 x g, 5
min). Small pieces were cut, post-fixed in 1% osmium tetroxide in sodium cacodylate
solution and embedded in Epon resin. Ultrathin sections (50 to 70 nm) were stained
with uranyl acetate and lead citrate and examined in a JEM-1010 transmission electron
microscope (JEOL Korea).

Flow cytometry analyses. Once the cockles arrived at the Laboratoire de Pathologie
et Génétique, they were kept in a tank with running sea water for 24 h. Haemolymph
was collected again from survivor cockles. The haemolymph was pooled according to
severity classes using haemolymph from 4 cockles respectively for each pool.A total of
3 pools from NO cockles, 3 pools from N1 cockles, and 3 pools from N2 + N3 cockles
was produced. The haemolymph of 3 N2 cockles and 1 N3 cockle was mixed in each
N2 + N3 pool because only 3 N3 cockles survived. The tubes with the haemolymph
pools were set in a bed of crushed ice to avoid cell aggregation. After pooling, the
haemolymph was filtered through a 60 pm mesh sieve to avoid blocking the flow
cytometer capillary with unexpected large debris. Haemolymph cells were counted in a
Malassez haemocytometer and the concentration was adjusted to 10° cells mI™ with



artificial seawater (ASW: 23.4 g NaCl, 1.5 g KCI, 1.2 g MgSO, ' 4H,0, 0.15 g CaCl, -
2H,0, 0.15 g CacCl, anhydrous, H,O gsp 1 L).

The diluted haemolymph pools were analysed with flow cytometry to evaluate the
following variables: cell mortality, non-specific esterase activity, lysosome biovolume,
phagocytic activity, ROl production, intracytoplasmic Ca?* content and actin content.
Haemolymph cells were examined with an EPICS XL 4 flow cytometer (Beckman
Coulter) and the results were analysed with the EXPO XL 4 software. Results were
depicted as cell cytograms and reported in log scale fluorescence levels, indicating
forward scatter values (FSC), side scatter values (SSC) and the fluorescence intensity
in the channel (wave length) corresponding to the marker used for each immune
parameter. FSC correlates with the cell volume and SSC depends on the inner
complexity of the cell (i.e. the shape of the nucleus, the amount and type of
cytoplasmic organelles or the membrane roughness). Non-specific esterases,
lysosome biovolume, phagocytic activity, intracytoplasmic Ca?* content, ROl production
and actin content were measured using green fluorescence, and cell mortality was
evaluated with red fluorescence. Three measurements were carried out for every
haemolymph pool, counting 3000 events for each measurement. For cell mortality and
phagocytosis capacity, the percentage of dead cells and phagocytic cells, respectively,
were calculated. For non-specific esterase activity, ROl production, lysosome
detection, cytoplasmic-free Ca? and actin contents gates were defined on the
cytograms to distinguish either 2 or 3 different cell populations according to
fluorescence intensity.

Cell mortality: Percentages of dead cells were assessed using propidium iodide,
which permeates only through the membrane of dead cells and stains nucleic acids.
Diluted haemolymph (200 pl) was incubated with 10 pl of a solution containing 1.0 gI™
of propidium iodide (Molecular Probes) for 30 min at 4°C (Xue et al. 2001).

Non-specific esterases: The content of non-specific esterases was measured with
fluorescein diacetate (FDA, Interchim), a non-fluorescent molecule that can pass
through cell membranes which is hydrolised by intracellular non-specific esterases,
thus producing the fluorescent product fluorescein. Diluted haemolymph (200 ul) was
treated with 1 pl of a solution containing 400 umol It FDA (Gagnaire et al. 2006).

Lysosome quantification: The lysosome biovolume in cells was determined using a
commercial kit (LysoTracker® Green DND-26, Molecular Probes). The LysoTracker
probe actually accumulates in intra-cytoplasmic acid compartments in live cells, which
are mainly lysosomes (Donaghy et al. 2010). Diluted haemolymph (200 pl) was
incubated with 1 pl of LysoTracker® at room temperature for 2 h in the dark (Gagnaire
et al. 2006).

Reactive oxygen intermediates: The respiratory burst was measured using 2°-7"-
dichlorofluorescein-di-acetate (DCFH-DA, Molecular Probes), a non-fluorescent
compound that is oxidised to the fluorescent 2°-7"-dichlorofluorescein (DCF) in
presence of hydrogen peroxide. Diluted haemolymph (200 pl) was treated with 2 pl of a
solution containing 1 mM DCFH-DA at room temperature for 30 min (Gagnaire et al.
2006).

Phagocytosis: Phagocytosis activity was measured by ingestion of fluorescent beads
(Gagnaire et al. 2006). Diluted haemolymph (200 pl) was incubated for 1 h in the dark



at room temperature with 10 pl of a 1:10 dilution of Fluorospheres® carboxylate-
modified microspheres (1 um diameter, Interchim) at a 200:1 beads:cells final ratio.
The phagocytic activity was expressed as the percentage of cells that had ingested at
least 3 beads.

Cytoplasmic-free Ca®*": The intracellular Ca** content was measured using Fluo-3-AM
(Molecular Probes), a cell-permeable fluorescent indicator of intracellular Ca?",
because it is non-fluorescent until it is hydrolysed in the presence of Ca?*. Diluted
haemolymph (400 ul) was incubated with 1 pl of a solution containing 10 uM Fluo-3-AM
for 1.5 h at room temperature (Aton et al. 2006).

Actin: The actin content was measured by phallotoxins (Alexa Fluor® 488 conjugated
phalloidin, Molecular Probes), which bind to actin without cross reaction with other
cytoskeletal components. Cells were first fixed in 3.7% formaldehyde solution for 10
min at room temperature and were then treated with 0.1% Triton X-100 for the following
4 min at room temperature. Pre-treated cells were then incubated for 30 min on ice with
Alexa Fluor® 488 phalloidin (Shi et al. 2003).

Statistical analysis. In the cases of non-specific esterase activity, lysosome
quantification, ROl production, intracytoplasmic Ca?* content and actin content,
comparisons of the distributions of haemolymph cells in different populations between
disease severity categories were performed using contingency tables and y? tests, in
which the cell populations were organised into columns and the disease severity
categories into rows. However, the requirements for the performance of that test were
not fulfilled in the cases of cell mortality and phagocytic ability. Thus the comparisons
of the percentages of dead cells and phagocytosing cells between classes of disease
severity were performed by ANOVA,; those percentages were arcsine transformed to
meet ANOVA requirements. Significance was concluded at p <0.05. The statistical
analyses were performed using Minitab 15 software.

3. Results

Cell types in haemolymph cell monolayers

Three cell types were classified into haemolymph cell monolayers according to
morphological characteristics. Hyalinocytes were the smallest cell type (mean + SD:
12.9 + 2.9 pm in diameter) and did not show cytoplasmic granules. Granulocytes
showed cytoplasmic granules, were larger than hyalinocytes (14.5 = 2.6 um) and
showed a low nucleus:cytoplasm diameter ratio. Neoplastic cells were the largest cell
type (22.6 = 3.8 um) and had a high nucleus:cytoplasm ratio and darker cytoplasm.

TEM examination

Neoplastic cells were larger than normal cockle haemocytes. They were round to oval-
shaped in section, with a high nucleus:cytoplasm diameter ratio (Fig. 1A-C). No
pseudopodia or similar structures were found. Nuclei were pleomorphic and usually
lobed (Fig. 1A-D). One eccentric hypertrophied nucleolus was frequent (Fig. 1A,B),
although 2 nucleoli were usually observed in histological sections. Dense fibrillar
components were observed inside the nucleoli (Fig. 1A,B). The heterochromatin was
scattered in small aggregates (Fig. 1D). The cytoplasm contained numerous
organelles. Endoplasmic reticulum tubules extended from and around the nucleus (Fig.
1A-D,G). Golgi complexes, frequently more than one per cell section (Fig. 1E), were



located close to the nucleus; they were composed of various abnormally large
cisternae with an increased number of stacks and numerous vesicles of different shape
and size (Fig. 1E,F). Ribosomes were not very abundant. Some were free in the
cytosol and others were attached to membranes of the endoplasmic reticulum (Fig.
1G). Mitochondria were abundant, either alone or forming clusters (Fig. 1A,B). They
had numerous dilated cristae and which some were large (Fig. 1H). Numerous
electron-lucent vesicles of different size and shape were dispersed through the
cytoplasm (Fig. 1A—H).

Flow cytometry analysis

Cytometric identification of cell populations. Flow cytometry allowed for the
separation of haemocytes from neoplastic cells by distinctive morphological
characteristics. The analysis based on cell size (FSC) and cell inner complexity (SSC)
of the NO cockles showed a heterogeneous population that corresponded to
haemocytes (Fig. 2A). The cockles of the N2+N3 DN severity category clearly showed
an extra homogenous cell population that involved larger, more complex cells (Fig. 2B),
which agreed with light and electron microscopy characteristics of neoplastic cells. The
N1 cockles showed cells of both populations but had fewer neoplastic cells than
N2+N3 cockles.

Cell mortality. The maximum value of haemolymph cell mortality was 6.8%.
Categories with more severe DN had higher cell mortality. Haemocyte mortality was
higher than that of neoplastic cells in every DN severity category and sharply increased
in cockles of the N2 + N3 severity category (Fig. 3).

Non-specific esterase activities. Haemolymph cells were classified into 3 populations
by their non-specific esterase activities, based on green fluorescence intensity. The
first cell population showed low non-specific esterase activities (mean + SD; 5.65 +
0.30 fluorescence units) and corresponded to haemocytes of small size and low inner
complexity, thus probably being hyalinocytes. The second cell population showed
moderate non-specific esterase activities (39.55 + 3.29 fluorescence units) and
corresponded to larger and more complex haemocytes, thus probably granulocytes,
and the third cell population showed high non-specific esterase activities (143.25 *
33.32 fluorescence units) and corresponded to the size and inner complexity of
neoplastic cells. The percentage of cell with moderate non-specific esterase activities
(probably mostly granulocytes)was lowest in N2-N3cockles . The distribution of cells in
populations according to the level of non-specific esterase activities was significantly
associated with DN severity. Categories with more severe DN had higher percentages
of cells with high non-specific esterase activities and lower percentages of cells with
low and moderate non-specific esterase activities (Fig. 4).

Lysosome quantification. Haemolymph cells were classified into 3 populations based
on lysosome quantification: a first cell population with low green fluorescent intensity
(4.69 + 0.21 fluorescence units) that corresponded to haemocytes of small size and low
inner complexity, thus probably hyalinocytes; a second cell population with moderate
green fluorescence (23.04 = 1.66 fluorescence units) that corresponded to larger and
more complex haemocytes, thus probably granulocytes; and a third cell population with
high green fluorescence (102.48 + 6.99 fluorescence units), most of them
corresponding to the size and inner complexity of neoplastic cells. Again, the cell
population with moderate green fluorescence (probably mostly granulocytes) showed
its lowest percentage in cockles with moderate to high DN severity. The distribution of
cells in populations according to the lysosome biovolume was significantly associated



with the DN severity category. Categories with more severe DN had higher
percentages of cells with high lysosome biovolume and lower percentages with
moderate lysosome biovolume. The percentage of cells with low lysosome biovolume
was similar in the 3 severity categories (Fig. 5).

Reactive oxygen intermediates. Two populations of haemolymph cells were detected
based on ROI production, a cell population with low ROI production (0.3 £ 0.0
fluorescence units) containing cells corresponding to the size and inner complexity of
haemocytes, and another with high production (1.5 + 0.3 fluorescence units) containing
cells corresponding to the size and inner complexity of neoplastic cells. The percentage
of cells with high ROI production in cockles with low (N1) DN was similar to that in
unaffected animals(NO), but it was significantly higher in cockles with moderate to high
(N2+N3) DN. In addition, the percentage of cells with low ROI production in cockles
with low (N1) DN was similar to that in unaffected animals (NO), but it was significantly
higher in cockles with moderate to high (N2+N3)DN (Fig. 6).

Phagocytosis. The phagocytic activity of haemolymph cells decreased significantly
with increasing DN severity. The mean (x SD) percentage of cells that had
phagocytosed at least 3 particles was 82.14 + 1.77, 79.24 + 1.82, and 60.71 + 1.87 for
NO, N1 and N2+N3 DN severity categories, respectively. Phagocytosis activity was
higher for haemocytes than for neoplastic cells (Fig. 7). A small portion of neoplastic
cells showed phagocytic activity (11.62 + 2.1%) but only phagocytosed up to 4
fluorescent beads, whereas haemocytes internalised up to 9. The percentage of
phagocytosing haemocytes was higher in cockles with low (N1)DN (88.12 + 1.82%)
than in non-diseased cockles (NO) (82.14 + 1.77%) and decreased further in cockles
with moderate to high DN (78.54 £ 1.85%).

Cytoplasmic free Ca®". Two populations of cells were detected based on their content
of cytoplasmic free Ca?*: those cells with low (9.6 + 1.6 fluorescence units) and high
content (108.5 + 8.8 fluorescence units), respectively. In this case there was no
relationship between Ca?* content and cell type based on size or complexity.
Classification of cells into the 2 populations of cytoplasmic-free Ca®** content was
significantly dependent on DN severity. Differences were significant between DN-
affected cockles and unaffected ones butnot between low and moderate to highly
affected cockles (Fig. 8).

Actin. Cell types based on size and complexity were not distinguished due to the
effects of the fixative used for this analysis. Two populations of cells were detected
based on their actin content, those cells with low (0.7 + 0.1 fluorescence units) and
high content (9.8 £ 1.2 fluorescence units), respectively. The actin content in cells was
significantly associated with DN severity. The percentage of cells with high actin
content was significantly lower in cockles affected by DN than in unaffected cockles,
but no significant difference was detected between low (N1) and moderate to highly
affected cockles (Fig. 9).

4. Discussion

Histological sections, haemolymph cell monolayers, TEM and flow cytometry analyses
allowed us to differentiate neoplastic cells occurring in the haemolymph of diseased
cockles from normal cockle haemocytes. The ultrastructural characteristics of the



neoplastic cells observed in the Galician diseased cockles closely resembled those of
neoplastic cells from Cerastoderma edule from Brittany (Poder & Auffret 1986) and
Ireland (Collins 1998). Moreover, the presence of large nuclei, hypertrophied
mitochondria and atypical Golgi complexes correspond to the ultrastructure features of
neoplastic cells described from Macoma balthica (Farley 1976, Smolarz et al. 2006),
Mya arenaria (Brown et al. 1977) and Mytilus edulis (Mix et al. 1979, Green &
Alderman 1983, Rasmussen 1986) affected by DN. The abundance of mitochondria in
neoplastic cells could be related to the high quantity of energy required for cell division
(Smolarz et al. 2006). Moreover, nucleolus hypertrophy could be a sign of high
transcription activity that would be associated with protein synthesis related to the
increased mitotic and metabolic activity. Some differences in DN cell morphology
among bivalve mollusc species have been reported. Neoplastic cells of Mytilus sp. and
Ostrea edulis showed morphological similarities with hyalinocytes (Mix 1983, Balouet et
al. 1986), whereas those of M. arenaria resembled granulocytes by the presence of
granules in the cytoplasm (Yevich & Barszcz, 1977). In our study, the lysosome
biovolume and non-specific esterase activities observed in the neoplastic cells would
set these cells closer to granulocytes than hyalinocytes. However, TEM examination of
cockle neoplastic cells did not show the presence of electron-dense granules that
characterise bivalve granulocytes, although numerous electron-lucent vesicles were
observed. The ultrastructural features of normal haemocytes are not discussed here
(see ‘Results’) because the samples in the present study were not found to differ
markedly from the description of cockle haemocyte types given in Russell-Pinto et al.
(1994).

These results demonstrate a significant association between DN severity and the
values of each studied haemolymph cell parameter. Furthermore, haemocytes and
neoplastic cells were mostly allocated into different cell populations based on
fluorescence intensity in flow cytometry analyses of cell mortality, non-specific
esterases, lysosome biovolume, ROI production and phagocytic activity, but they were
not discriminated by cytoplasmic free Ca®*and actin contents.

Neoplastic cells showed lower mortality than haemocytes in all intensities of DN. The
higher haemocyte mortality in diseased cockles could be caused by toxic metabolites
released by neoplastic cells. Serum proteins from soft shell clams Mya arenaria
affected by DN had a cytotoxic effect when injected in healthy individuals (Sunila &
Dungan 1992). Isolated serum from diseased clams increased soft shell clam mortality
even when the disease was not transmitted. Neoplasia-specific proteins were
described in the sera from diseased soft shell clams (Sunila & Dungan 1992). In
addition, oxygen tension in the haemolymph of neoplastic M. arenaria has been
reported to decrease with the progression of neoplastic disease, which could be due to
the high metabolic activity related to maintaining the high division rate of neoplastic
cells (Sunila 1991). Thus, haemocyte mortality in neoplastic cockles could also be
attributed to insufficient haemolymph oxygenation.

Neoplastic cells showed much lower phagocytosis activity than haemocytes. These
results are similar to those obtained in studies of other neoplastic bivalves, Mytilus
trossulus (Noél, 1992), M. edulis (Galimany & Sunila 2008) and Mya arenaria
(Beckmann et al. 1992, Potts 1993, Walker & Bottger 2008). Furthermore, a significant
decrease in the phagocytic activity of haemocytes was detected in moderate to highly
diseased cockles, which is consistent with a decrease in the proportion of granulocytes
observed in those cockles. Despite the increased beads:haemocytes ratio, neoplastic
cells were not phagocytically active. The higher haemocyte mortality and the lower
haemocyte phagocytic ability suggest that immune capacities can be impaired in DN-
affected cockles.

The reduced phagocytic ability of neoplastic cells with regard to haemocytes contrasts
with the higher lysosome biovolume, non-specific esterase activities and ROI
production of the former. Various lysosomal enzymes, such as acid phosphatase, (-
glucuronidase in Mya arenaria (Beckmann et al. 1992) and cystine arylamidase in



Mytilus trossulus (Noél 1992), have been detected at higher concentrations in DN-
affected molluscs than in healthy ones. The high lysosome biovolume detected in
neoplastic cells suggests that many of the vesicles observed with TEM are lysosomes,
although this result requires further confirmation.

These results show that a significant increase in ROI production is associated with
advanced (moderate and high) stages of DN. Previous information on ROI production
by mollusc neoplastic cells is scarce. Galimany & Sunila (2008) did not observe
significant differences in ROI production between DN-affected and unaffected mussels.
However, human cancer cells exhibit increased intrinsic oxidative stress (Schumacker
2006). In molluscs, ROIs are involved in host defence but also act as secondary
messengers to regulate array processes such as enzymatic activities, Ca2+ signalling
and p53 pathways (Gomez-Lazaro et al. 2004), which could contribute to explaining the
high ROI levels in neoplastic cells.

Haemolymph cells in DN-affected cockles showed higher levels of cytoplasmic-free
Ca?" than those in healthy cockles, although these differences were not as marked as
those in other cell parameters. Ca* is a key messenger involved in the regulation of
different cell processes including cell cycling, gene transcription and apoptosis, so that
even subtle changes in Ca2+ signalling may promote pathways important to cancer
growth, survival and metastasis (Roderick & Cook 2008). Cytoplasmic free Ca2+ and
actin filaments are involved in dynamic processes of cellular functioning, such as
adhesion, membrane dynamics, and mobility, and contractile ones, such as cell
division (Hennessey et al. 1993, Ballarin et al. 1997). The limited phagocytosis ability of
neoplastic cells could be due to changes in cytoplasmic-free Ca2+ and actin levels.
Actin content in haemolymph cells from DN-affected cockles was lower than that in
unaffected cockles. However, actin filaments are involved in the contractile ring that
contributes to cytokinesis in the last stage of cell division. Therefore, actin is important
to maintain the high division rate of neoplastic cells. Moore et al. (1992) found
significant differences in the cytoskeletal architecture between neoplastic cells and
haemocytes from Mya arenaria, including in the overall amount of actin (lower in
neoplastic cells) and the organisation of actin filaments. Cytoskeleton alteration may
represent a common pathway of cellular damage caused by reactive oxygen species
(Healy et al. 1992). The cytoskeleton is sensitive to ROIs and oxidative stress due to
the presence of thiol groups located on the actin microfilaments, which are sensitive to
oxidation (Moller et al. 2005).
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Fig. 1. Cerastoderma edule. Cockle neoplastic cells shown under TEM. (A-D)
Neoplastic cells with round to oval shapes, enclosing pleomorphic nuclei with
heterocromatin scattered in small aggregates, nucleoli containing dense fibrillar
material, and (A, B) cytoplasm that contains abundant mitochondria and numerous
vesicles and endoplasmic reticula. Scale bars = 2 um. (E-G) Detailed views of
cytoplasm in neoplastic cells showing (E,F) Golgi complexes with numerous Golgi
stacks and Golgi vesicles (arrows) and (G) endoplasmic reticula and free and reticulum
associated ribosomes. Scale bars = 0.5 um. (H) Group of mitochondria with numerous,
dilated cristae. Scale bar = 0.5 um. Er: endoplasmic reticulum; Gs: Golgi stacks; Ht:
heterocromatin; M: mitochondria; N: nucleus; Nu: nucleolus; R: ribosomes

TS: F1. If necessary, remove labels on scale bars.
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Fig. 2. Cerastoderma edule. Flow cytometry dot plots of forward scatter (FS LOG)
against side scatter (SS LOG) of haemolymph cells from (A) unaffected cockles (NO)
and (B) moderate to highly affected cockles (N2+N3). The size (FS) and cell complexity
(SS) parameters allow for the differentiation ofunaffected haemocytes (Hc) from
disseminated neoplasia-affected neoplastic cells (Nc)

TS: F2A. Please switch the letter ‘C’ to ‘Hc’

TS: F2B. Please switch ‘C’ to ‘Hc’ and ‘D’ to ‘N¢&’

7|1
-
= b
3
S 6l T
@
o
L
o 34
@
L
5 o
©
o
S
5 1-
o
@ ] a N
D_ D [ [ |
NO N1 N2+N3

DN severity category

Fig. 3. Cerastoderma edule. Mean (x SD) haemocyte mortality (%)for each
disseminated neoplasia (DN) severity category. DN severity categories N2 and N3
were grouped together because too few N3 cockles survived. Different lowercase
letters indicate significant differences in the percentage of dead haemocytes, and
different capital letters indicate significant differences in the percentage of dead
neoplastic cells NO: cockles unaffected by DN; N1: cockles with low severity DN (<15%
neoplastic cells); N2: cockles with moderate severity DN (15 to 75% neoplastic cells);
N3: cockles with high severity DN (>75% cells)

TS: F3—F9. Please remove x-axis ticks above three categories and add ‘DN severity
category’ as the x-ands fitle.

TS: F4—6 and 8,9. Please remove fitles (e.g. ‘ROI’) and make sure that there is a space
between ‘Population’ and the following number (e.g. ‘Population 1°).
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Fig. 4. Cerastoderma edule. Mean (+ SD) percentage of haemolymph cells for each
disseminated neoplasia (DN) severity category divided into populations according to
non-specific esterase activity level. Cells in Population 1 had no or low non-specific
esterase activity, Population 2 medium and Population 3 high. Different letters indicate
significant differences in the percentage of cells in each population between DN
severity categories. See Fig. 3 legend for details of DN severity categories
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Fig. 5. Cerastoderma edule. Mean (+ SD) percentage of haemolymph cells for each
disseminated neoplasia (DN) severity category divided into populations according to
lysosome level detected. Cells in Population 1 had no or low lysosome biovolume,
Population 2 medium and Population 3 high. Different letters indicate significant
differences in the percentage of cells in each population between DN severity
categories. See Fig. 3 legend for details of DN severity categories
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Fig. 6. Cerastoderma edule. Mean (+ SD) percentage of haemolymph cells for each
disseminated neoplasia (DN) severity category divided into populations according to
ROI production. Cells in Population 1 had low ROI production and Population 2 high.
Different letters indicate significant differences in the percentage of cells in each
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population between DN severity categories. See Fig. 3 legend for details of DN severity
categories
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Fig. 7. Cerastoderma edule. Mean (£ SD) percentage of phagocytosing neoplastic cells
after grouping the haemolymph pools from disseminated neoplasia (DN)-affected
cockles (N1, N2 + N3 categories) and phagocytosing haemocytes from all DN severity
categories. Different letters indicate significant differences. See Fig. 3 legend for details
of DN severity categories
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Fig. 8. Cerastoderma edule. Mean (x SD) percentage of haemolymph cells for each
disseminated neoplasia (DN) severity category divided into populations according to
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cytoplasmic-free Ca?* content. Cells in Population 1 had low cytoplasmic-free Ca?*
content, and Population 2 high. Different letters indicate significant differences in the
percentage of cells in each population between DN severity categories. See Fig. 3
legend for details of DN severity categories
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Fig. 9. Cerastoderma edule. Mean (x SD) percentage of haemolymph cells for each
disseminated neoplasia (DN) severity category divided into populations according to
actin content. Cells in Population 1 had low actin content and Population 2 high.
Different letters indicate significant differences in the percentage of cells in each
population between DN severity categories. See Fig. 3 legend for details of DN severity
categories
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