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ABSTRACT: A flow cytometry protocol was applied for the detection of neoplasia in Macoma balth-
ica L. from the Gulf of Gdansk (Baltic Sea, Poland). A simple method, based on an osmotic shock, was
used to permeabilise gill cells. The cytometric pattern of normal clams consisted of 2 peaks, a major
peak B and a smaller peak C. The cytometric pattern of affected clams consisted of 2 peaks named B’
and C'. Two parameters were used to define the stages of abnormalities in M. balthica clams based
on the percentage of cells in peaks B, C, B' and C' and on the ratio between the fluorescence value of
peaks B, C, B and C' in all individuals. Three stages of neoplasia were clearly distinguished by flow
cytometry considering peak C'. Stage 1 was characterised by a major population of cells in peak B’
and more than 10 % of cells in the C’ peak. Stage 2 consisted of a lower percentage of cells in peak B’
and more than 25 % of cells in peak C'. Stage 3 of the neoplasia was characterised by a further reduc-
tion in peak B’ and more than 40 % of cells in peak C'. Flow cytometry allowed for objective detection
of neoplasia and provided a rapid method for measuring the DNA content of thousands of cells per
individual. The accuracy of flow cytometry was assessed by comparing with standard histological
techniques, used here as a reference technique for the detection of neoplasia, and with chromosome
analysis. All individuals were analysed in parallel using the 3 techniques. The proportion of normal
and affected individuals diagnosed using flow cytometry was comparable to the proportion deter-
mined by histology and chromosome analysis.
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INTRODUCTION

Most neoplasia reported from bivalves have been
described as a disturbed cell growth pattern charac-
terised primarily by excessive cell proliferation. Three
main cytological characteristics are associated with
neoplastic cells: nuclear polymorphism, nuclear hyper-
chromasia and cellular polymorphism. Other features
include the presence of more than 1 nucleoli in the
nucleus, a high frequency of mitotic figures and a high
nucleus to cytoplasm ratio (Mix 1983, Krishnakumar et
al. 1999). In molluscs, most identified neoplasms have
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been described as sarcomas of haematopoietic origin
(Bower et al. 1994, Rodriguez et al. 1997) because of
cellular hypertrophy and presence of a large lobate
nucleus. To date, disseminated neoplasia have been
reported in various bivalve species (Elston et al. 1992,
Villalba et al. 2001).

Environmental carcinogens such as hydrocarbons
(Yevich & Barszcz 1977, Naes et al. 1995), herbicides
(van Beneden et al. 1993), biotoxins (Landsberg 1996,
Roy et al. 1998) and infectious agents (Farley et al. 1972,
Ford et al. 1997) have been suggested as the main risk
factors for disseminated neoplasia. Research on mollus-
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can neoplasia has been motivated by the question as to
whether bivalves can be used as bioindicators in envi-
ronmental monitoring (Roy et al. 1998, Brousseau et al.
2000, Fournier et al. 2001, Sauve et al. 2002).

High prevalence of neoplasia can be found in
Macoma balthica L. sampled from industrialised
waterways around the Gulf of Gdansk in Poland
(Thiriot-Quiévreux & Wolowicz 1996, 2001). Clams at
these sites are known to be exposed to a range of
chemical carcinogens and pollutants (Wolowicz 1994,
Szefer et al. 1996, Sokolowski et al. 1999, Hummel et
al. 2000). Neoplasia in M. balthica have also been
reported from the Chesapeake Bay (Christensen et al.
1974) and Finnish coast (Pekkarinen 1993).

This report describes a flow cytometry protocol for
the detection of gill neoplasia in Macoma balthica from
the Gulf of Gdansk (Baltic Sea, Poland). Flow cytome-
try has already been used to investigate disseminated
neoplasia in molluscs (Elston et al. 1990, Moore et al.
1991, Reno et al. 1994). In the present study, a new
method of cell lysis based on a hyposmotic shock has
been developed and a combined comparison of the
flow cytometry method, histology and chromosome
analysis is reported for the time.

MATERIALS AND METHODS

Clams. Clams Macoma balthica (16 + 4 mm mean
valve length) were collected in 2002 by dredging in the
Gulf of Gdansk. Clams were maintained for 2 to 5 wk
in the IFREMER laboratory (La Tremblade, France) in
tanks each containing 20 dm® seawater (13 * 2°C).
They were fed daily with Isochrysis sp. algae. Prior to
analysis, clams were incubated for 8 h in colchicine
(0.005% in sea water). Colchicine is used as an anti-
mitotic agent for chromosome analysis. Samples from
all individuals were analysed by flow cytometry, histo-
logy and chromosomal analysis.

Histology. Thirty clams were removed from their
shells, and gill tissues were collected for flow cytome-
try and chromosome analysis. Each individual was
placed in Davidson's fixative for 48 h. Samples were
dehydrated through an ascending ethanol series,
cleared in xylene and embedded in paraffin. Sections
(2 pm) were stained with hematoxylin and eosin (H&E)
and examined to determine the presence of neoplastic
cells. Identified cases of neoplasia were classified from
I to IV, according to Christensen et al. (1974) and
Pekkarinen (1993).

Flow cytometry. Gill tissues from each individual
were placed in 0.5 ml sterile distilled water. Tissues
were ground in an Eppendorf tube using a disposable
tissue homogeniser, and the cell suspension was fil-
tered through a 60 pm sterile mesh. After filtration,

each sample was adjusted to 0.5 ml with sterile dis-
tilled water and left for one h on ice to allow cell per-
meabilisation. Cell suspensions were subsequently
used for analysis by flow cytometry within 2 h of
preparation. Cell DNA content was assessed by stain-
ing DNA with propidium iodide (PI, Interchim) (final
concentration 50 ng ml!, 30 min in the dark, 20°C).
Gill cells were analysed with an EPICS XL4 flow
cytometer (Beckman Coulter). PI red fluorescence
excited at 488 nm wavelength was collected through a
600 nm band pass filter and the data were registered
on a logarithmic scale. For each gill sample, 3000
events were counted. Results were recovered as histo-
grams presenting the cell fluorescence (x-axis) and
number of cells (y-axis).

Chromosome analysis. Gill tissues from each indi-
vidual were placed in sodium citrate (0.9 %) in distilled
water for 45 min, then fixed with 4 baths (2 x 20 min
and 2 x 10 min) of absolute ethanol:acetic acid (3:1).
Slides were prepared for each individual using an air-
drying technique (Thiriot-Quiévreux & Ayraud 1982)
and stained with Giemsa (Sigma, 4 %) in distilled water
(pH 6.8) for 8 min. Mitoses were observed using light
microscopy.

Statistical analysis. Statistical analysis of flow cyto-
metry peaks (B, B', C and C') including test of nor-
mality, was performed using analysis of variance and a
multiple comparison test according to the least signi-
ficant difference (LSD) method (Snedecor & Cochran
1957), using Statgraphics version 3.1 software. Cyto-
metric profile peaks, together with (B/B + C and B'/B' +
C') variables, were converted into angular arc sine v
(% of variable) before analysis. The 3 stages of neo-
plasia defined by flow cytometry were compared using
ANOVA.

RESULTS
Histology

Thirty individual Macoma balthica, 15 of which were
diagnosed by histology as normal (Fig. 1) and 15 of
which displayed neoplastic changes (Fig. 2a,b) were
selected in the present study. Affected cells were
large, actively proliferative with pleomorphic nuclei. In
stage I, abnormal cells were first found in gill epithelia.
In stage II abnormal cells invaded gill connective tis-
sues (Fig. 2a). In stage III, gills were severely affected
and neoplastic cells diffused into other organs, while at
stage IV, neoplasia was characterised by a partially
damaged gill tissue, and the presence of neoplastic
cells in all other organs (Fig. 2b). Five individuals were
classified in stage I and II, 6 in stage III and 4 in stage
IV (see Table 3).
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Flow cytometry

Preliminary experiments indicated that the use of
fixed material (in ethanol:acetic acid), cell permeabili-
sation by water at different salinities or permeabilisa-
tion by buffer (containing 1% of Triton-X 100) prior to
flow cytometric analysis of gill, resulted in poor sepa-
ration of fluorescent peaks and high percentages of
non-labelled events (Fig. 3a). The best definition of
peaks occurred following permeabilisation by osmotic
shock (Fig. 3b).

The cytometric profile of Macoma balthica, defined
as normal using histological examination, consisted of
a major peak (B) and a second smaller peak (C)
(Fig. 4a). The mean value of fluorescence for peak C
was approximately double that of the fluorescence
value of peak B (Table 1). Normal M. balthica were
also characterised by a high number of cells in peak B
(Table 1). The percentage of cells in this peak ranged
from 82.6 t0 90.3 % (85.9 + 2.2, N = 15). The percentage
of cells observed in the second peak (C) ranged from
5.0 to 7.5% (6.2 £ 0.9, N = 15). In normal clams, the
relationship between mean fluorescence values of the
first and the second peak was linear and the proportion
between them was C peak = 2.04 B peak + 1 (N = 15,
range 1.7 to 2.2 with a mean value of 2.04, SD = 0.1).

In clams diagnosed as neoplastic by histology
(Table 2), 2 major peaks (B' and C') were observed. In
5 individuals (stage 1), peaks consisted of a major B’
peak (72.3 + 5.8 %), with smaller populations of cells in
peak C' (15.5 + 4.1%) (Fig. 4b). Neoplasia in 6 clams
(stage 2) was characterised by a lower percentage of
cells in peak B' (61.3% = 3.1) and a higher percentage
of cells in peak C' (29.2% = 1.7) (Fig. 4c). In 4 affected
individuals (stage 3), the percentage of cells in each

Fig. 1. Macoma balthica. Histological section of gill in a
normal M. balthica (clam no. 3). Scale bar = 10 pm, hema-
toxylin and eosin (H&E) staining

Fig. 2. Macoma balthica. Histological sections with neoplasia

showing (a) stage II of the disease, changes confined to gills

(arrows), and (b) stage IV, digestive gland. Arrows show neo-
plastic cells. Scale bars = 5 pm, H&E staining

peak was 42.1 % =+ 4.8 for peak B', and 47.5% + 4.7 for
peak C' (Fig. 4d).

In affected clams, the ratio of mean fluorescence
values between peaks B’ and C' was higher than in
normal clams (2.36). The relation between both peaks
was: peak C' = 2.36 peak B' + 1 (N = 15). The fluores-
cence ratio between peaks in normal clams was 0.49 +
0.01 versus 0.42 + 0.01 in affected clams (Fig. 5a). The
prevalence of peaks (B'/B' + C' ratio) was 0.68 + 0.04
for affected animals versus 0.93 + 0.04 for normal indi-
viduals (Fig. 5b). Both ratios (normal versus affected
clams) were significantly different (p < 0.0001).

Chromosome analysis

In clams defined as normal using histology, chromo-
somes were metacentric (11 pairs), submetacentric
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Fig. 3. Macoma balthica. Fluorescence (FL 3 LOG) histogram
of normal clams. (a) Poor separation of the cell cycle peaks
(cell permeabilisation using a buffer containing Triton X),
(b) good definition of peaks under conditions in which os-
motic shock was used. Histograms show the cell fluorescence
(red fluorescence: FL 3, x-axis; number of cells, y-axis)

(2 pairs) and subtelocentric (6 pairs) without evidence
of telocentric chromosomes and micro-chromosomes
(Fig. 6a). In affected clams, the chromosomal number
ranged from 59 to 105, with a median of 90 in individ-
uals with neoplasia (Fig. 6b). This range of chromo-
some number corresponds to 1.55-2.76 (median 2.37)
of diploid. In all abnormal metaphases, telocentric and
micro-chromosomes were present and there was a
general increase in the amount of all genetic material
present. In gill cells from affected clams, mitotic activ-
ity was high and up to 500 mitoses occurred (data not
shown).
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Fig. 4. Macoma balthica. Cytometric profiles of (a) normal and
(b to d) affected individuals by neoplasia. (b) The first stage of
neoplasia, characterised by high percentage of cells in the first
peak and small population of abnormal cells (clam no. 1);
(c) the second stage of neoplasia (clam no. 6); (d) stage 3 of
neoplasia (clam no. 10). Histograms show the cell fluorescence
(red fluorescence: FL3, x-axis) and number of cells (y-axis)
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B/C and B'/C'

B/B + Cand B/B' + C'

Table 1. Macoma balthica. Flow cytometry analysis of normal clams (N = 15) Technique comparison
Clam Mean % of events Mean % of events  Ratio of Proportions of normal and affected
no. fluorescence inthe  fluorescence in the second and Macoma balthica detected by flow
value of the first peak value of the second peak first peak cytometry were similar to those deter-
first peak second peak mined by chromosome analysis and
1 18.15 88.72 395 6.24 917 histology (Table '3). Abnormal cells
2 17.9 82.87 38.3 755 213 were detected using flow cytometry
3 13.75 85.19 28.95 6.76 2.1 and cytogenetic analysis in all 15 clams
4 16.8 90.29 34.5 5.01 2.05 defined by histology as affected. On the
5 19.5 83.83 41.45 6.38 212 basis of cell percentage in both B' and
6 19.95 86.79 42.1 .45 2.11 C’ peaks, 3 different stages (1, 2 and 3)
7 18.7 83.17 38.95 7.28 2.08 § lasi defined . fl
8 19.65 88.01 41.2 444 2.09 of neoplasia were defined using i ow
9 20.15 86.08 42.5 6.31 21 cytometry (Table 2). Stage 1 as defined
10 17.25 87.08 35.55 5.16 2.06 by flow cytometry corresponded to
11 17.6 85.07 35.55 6.85 2.01 stages I and II defined by histology
12 20.55 86.65 34.95 5.84 1.7 (Table 3). Stages 2 and 3 using flow
13 19.0 86.52 37.35 6.16 1.96 cytometry analysis corresponded to
14 18.4 85.8 35.6 6.27 1.93 t Il and IV ob d bv histol
15 20.55 82.59 41.9 7.27 2.03 stages Ll and 1V observed by histology,
Mean 18.53 85.91 37.89 6.2 2.04 respectlvely (Table 3) The 3 stages of
SD 1.77 2.2 3.77 0.89 0.14 neoplasia identified by flow cytometry
(1, 2 and 3) appeared significantly dif-
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Fig. 5. Macoma balthica. Analysis of the peaks (mean and ‘m'
interval at 95% LSD) between normal and affected clams.

(a) Mean fluorescence value of the ratio peaks B/C and B'/C’, Fig. 6. Macoma balthica. Giemsa-stained metaphases in gills
data normalised using Arc Sin V. (b) Mean prevalence of of (a) normal M. balthica with 2n = 38 and (b) affected
ratio of the peaks B/B + C and B/ B'+C’, (p < 0.0001) M. balthica with 90 chromosomes. Scale bars = 5 pm
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Table 2. Macoma balthica. Flow cytometry analysis [mean (SD)] of affected individuals with neoplastic features (N

Mean
value of

Ratio of

Mean
value of the

% of events
in the second

% of events
in the second

Mean
fluorescence
value of the
second peak

% of events Mean value Fluorescence

in the first

Mean
fluorescence
value of the

Fluorescence

Clam
no.

second

value of the
second peak

of the % of

value of the

the ratio

and
first peak

peak

events in the

peak

first peak

first peak

first peak

peak

2.35
2.23
2.33
2.11
2.17
2.34
2.34
2.37
2.39
2.5

18.01

38.4

72.41

16.3

10.65
15.2

42.1

77.12

18.85
17.47
16.0

2.24 (0.11)

15.55 (4.09)

41.45 (0.85)

40.77

72.34 (5.79)

77.59
71.32
63.25
66.63

18.55 (3.32)

12.88
21.0

33.7

52.3

24.15

27.62

44.3

18.95
14.67
14.03

13.7

28.39
29.32

34.33

33.3

58.41

2.38 (0.06)

29.24 (1.67)

34.37 (5.3)

61.3 (3.08)

60.47

14.5 (2.04)

30.37

32.7

60.56
63.01

27.79
31.92
51.25

49.54

28.3

11.33
14.3

10
11

2.33
2.7

33.3

58.74

27.2

36.95

10.0

12
13
14

2.37
2.42
2.39
2.36

43.65

41.17

18.4

2.47 (0.85)

45.35 39.75 (8.43) 40.68 47.56 (4.7)

42.8

42.12 (4.79)

48.53

16.25 (3.62)

18.7

48.77

41.83

58.59

17.9

15

30.78

38.52

16.43

Mean

ferent (Fig. 7, p < 0.0001). The presence of 5 clams
in stage 1 of neoplasia defined by flow cytometry
was confirmed using chromosome analysis. In 1
affected clam (no. 2), the number of mitoses was
too low for successful diagnosis using the cyto-
genetic method. The second (as defined by flow
cytometry) and the third (as defined by histology)
stage of neoplasia was confirmed in 6 clams. Chro-
mosome analysis showed a higher presence of
abnormal mitosis only in clam no. 11 (up to 345
mitoses, data not shown). For the same clam, his-
tology showed a higher level of neoplasia in
gonadal tissue, but a lower level in other organs. In
clam no. 8, the prevalence of neoplasia was high in
gills, but low in gonads and other organs. Stage 3
of neoplasia (defined by flow cytometry) and IV
(defined by histology) was observed in 4 clams.
The occurrence of neoplastic cells was high in all
organs.

DISCUSSION

Histology is a suitable technique for the identifi-
cation of neoplastic cells in bivalves, including
those in early stages (Christensen et al. 1974, Elston
et al. 1992, Pekkarinen 1993). In the present study,
histology was used as the reference technique.
Thirty animals were selected to compare the capa-
bility of flow cytometry, chromosome analysis and
histology to diagnose neoplasia in clams, Macoma
balthica, from the Gulf of Gdansk (Poland). Af-
fected clams displayed the same kind of cell abnor-
mality as previously described (Christensen et al.
1974, Elston et al. 1992, Pekkarinen 1993, Reno
1994): hypertrophied cells with enlarged nuclei and
multiple nucleoli, and invasion of neoplastic cells to
different organs in the later stages. Four histo-
logical stages were classified in affected M.
balthica according to Christensen et al. (1974) and
Pekkarinen (1993). In both studies, a gill-originat-
ing carcinoma was described. In the first stages of
neoplasia, abnormal cells were also present in the
connective tissue of gills. This may correspond to a
haemocytic origin of the neoplasia as previously de-
scribed in other bivalve species (Elston et al. 1992,
Bower et al. 1994, Rodriguez et al. 1997).

In the present study, flow cytometry was used to
determine DNA content of normal and affected
Macoma balthica gill cells. Flow cytometry has
already been used to study neoplasia in bivalves
(Elston et al. 1990, Moore et al. 1991, Reno et al.
1994). In previous studies, authors analysed
haemocytes collected from Mytilus sp. and from
Mya arenaria. A simple and rapid protocol of cell
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Table 3. Macoma balthica. Summary of results obtained using flow cyto-
metry, chromosome analysis and histology examination. (+) lowest number
of abnormal cells; (++) marked presence of abnormal cells; (+++) highest
number of abnormal cells. I, II, III, IV = the respective stages of neoplasia

as defined by histology

permeabilisation was developed. Perme-
abilisation using Triton-X 100 resulted in
high percentages of non-labelled events.
All events were counted and no gate
defined. Thus, preliminary work was car-

Clam  Flow Cyto Histology ried out using an osmotic shock. Water at
no. cytometry genetics Gills Gonads  Other Stage of different salinities was used. Total cell per-
neoplasia meabilisation was detected solely in dis-
tilled water. Clams inhabit estuarine waters
1 - - - - - 0 with low salinities, and gill cells may sup-
g - - - - - 8 port great variations of salinity.

4 _ _ _ _ _ 0 The cytometric pattern of normal cells
5 - _ - _ _ 0 consisted of 2 peaks (B and C). The major
6 - - - - - 0 peak B is interpreted as the GO/G1 phase of
7 - - - - - 0 the cell cycle and describes resting cells.
g - - - - - 8 Peak C could be identified as normal cells
10 3 B B B B 0 in the G2/M phase (dividing cells). The
11 - _ - _ _ 0 mean fluorescence value of peak C is dou-
12 - - - - - 0 ble the value of peak B. Low prevalence of
13 - - - - - 0 dividing cells corresponds to the normal
E - - - - - 8 status of bivalve gill cells. However, no in-
1 + + + + _ I ternal standard was used to confirm this hy-
2 + _ + + _ I pothesis. In previous studies by Elston et al.
3 + + + - - I (1990) and Reno et al. (1994), internal stan-
4 + + + + + I dards were used in order to determine DNA
2 +++ +++ +++ +++ +++ IIIII content in Mpytilus sp. and Mya arenaria
7 - i - i - I cells, respectively. Mussel sperm was used
8 — o+ + + + I as a standard by Elston et al. (1990), while
9 ++ ++ ++ ++ ++ 111 Reno et al. (1994) used human lymphocytes
10 ++ +++ ++ ++ ++ 11 and rainbow trout erythrocytes as a stan-
1 t+ Tt o+ Tt + III dard. However the use of vertebrate DNAs
g ::: +++++ +++++ :: :: i:// as standards may not be suitable. Propid-
14 - Tt — i i v ium iodide penetration in vertebrate and bi-
15 o+ T+ o+ 4+ T+ v valve cells may be different. No standard is
available from Macoma balthica. In order to
use sperm cells as a standard we must know
0.93 F — the status of ploidy of the reference population. Indi-
r ] viduals used in this study were characterised by high
[ ] prevalence of neoplasia. Thiriot-Quiévreux & Wolo-
0.83 - * 71 wicz (1996, 2001) established that more than 30% of
[ ] clams from the Gulf of Gdansk are affected by neo-

0731 4 plasia, and that gonads may also be affected.
I E The cytometric pattern of neoplastic clams (defined
o B using histology) consisted of 2 peaks, B’ and C'. Peak
0.63 r ] B’ may be interpreted as a normal, diploid cell popula-
r ] tion in the G0/G1 phase based on mean fluorescence
0.53 r ] value, and may correspond to peak B detected in nor-
[ E ] mal clams. The second peak C' may consist of dividing
043 i normal cells in the G2/M phase or of neoplastic cells in
Stage 1 Stage 2 Stage 3 the GO/G1 phase (population of aneuploid cells). How-

Fig. 7. Macoma balthica. Prevalence ratio (mean and interval

at 95% LSD) of the peaks B'/(B'+C’) in clams. Three stages

of neoplasia are identified (ANOVA, data normalised using
Arc Sin Y, p < 0.0001)

ever, cytogenetic examination suggested that the sec-
ond hypothesis is more probable. Moreover, the rela-
tion between both peaks indicates that cells in the
second peak contain more than the double the DNA
present in cells from the first peak.
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Three stages of neoplasia were clearly distinguished
on the basis of the ratio of C' peak prevalence. The
percentage of events counted in the C' peak and the
ratio between both peaks (B' and C’) is higher than in
normal clams. Moreover, the mean value of fluores-
cence for C' peak corresponds to pentaploid cells
(diploid value x 2.36) and occurs in 3 stages of neopla-
sia. The range of chromosome numbers scored in
abnormal mitosis (diploid value x 2.37) is similar to the
mean value carried out using flow cytometry. For
diploid cells of Macoma balthica, the diploid number of
chromosomes is 38. Abnormal metaphases mainly con-
sist of around 90 chromosomes, as previously reported
by Thiriot-Quiévreux & Wolowicz (1996, 2001).

In the present study, results obtained using flow
cytometry, chromosome analysis and histology exami-
nation were compared. The mitotic index of neoplastic
cells in clams scored in chromosome preparations coin-
cided well with the proportion of abnormal cells in the
GO0/G1 phase obtained by flow cytometry. Although
flow cytometry appears no more sensitive than histol-
ogy and chromosome analysis, flow cytometry pro-
vides a rapid method for neoplasia detection and
discrimination of aneuploid cells as well as for identi-
fication of the ploidy of the population. Osmotic shock
is a simple technique to permeabilise cells. The tech-
nique enables objective and easy detection of neopla-
sia and provides a rapid method for measuring the
DNA content of thousands of cells per individual. As it
was difficult to develop the standard of the value, 2
parameters were used: 1) the percentage of cells in
both B" and C' peaks, and 2) the ratio between the flu-
orescence value of B' and C' peaks while describing
abnormalities of the populations. Results demonstrated
a good correlation to those obtained using the other
2 techniques. Thus, it appears that flow cytometry is a
valid technique for the analysis of neoplasia pre-
valence in Macoma balthica populations from different
geographical origins .
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