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ABSTRACT: Lysosomal destabilization indices (based on a neutral red retention assay) were evaluated
for digestive gland cells of oysters Crassostrea virginica. Laboratory studies were conducted to evalu-
ate the effects of variable salinity regimes (a natural stressor) and copper exposures (a pollutant stres-
sor) on lysosomal destabilization. Field studies were also conducted with native oysters and hatchery-
reared juvenile oysters deployed in situ at reference and polluted sites. Lysosomal integrity was not
affected by either short-term or longer-term variations in salinity during laboratory experiments, and
the destabilization indices were similar to those of deployed and native oysters from reference
sites characterized by a range of salinities. However, laboratory Cu exposures (ranging from 2.5 to
20 pg Cu I'Yy caused significant adverse effects on lysosomal destabilization after only 18 h, and the
effects were sustained or worsened with increasing exposure time and concentration. Hatchery-reared
oysters deployed at or native oysters collected from polluted sites had significantly higher lysosomal
destabilization indices. Estuarine habitats are characterized by variable salinity regimes, so cellular
responses that are sensitive to salinity stress as well as contaminant stress would be difficult to inter-
pret if salinity effects cannot be distinguished from pollutant effects. A robust biomarker of anthro-
pogenic effects should be insensitive to natural stressors such as salinity, but should be sensitive to
pollutants. The salinity and contaminant studies described in this paper indicate that lysosomal desta-
bilization responses in oysters are insensitive to salinity variations and sensitive to pollutants, and are
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therefore potentially valuable biomarkers of anthropogenic stress.
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INTRODUCTION

Estuaries provide critical feeding, spawning, and
nursery habitats for numerous species, including com-
mercially and recreationally important fish, shellfish,
and waterfowl]. The potential for increased stress in
marine organisms due to anthropogenic pressures
associated with increasing development in coastal
zones (contaminant inputs, habitat alterations, etc.)
demands careful monitoring of biological resources
and development of strategies to minimize the impacts.
The tools and analytical capabilities for documenting
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the presence of contaminants in marine habitats and
bioaccumulation in organisms are well developed.
However, the critical issue is determining if the organ-
isms are adversely affected. Sediment contaminant
analyses can document the presence of contaminants,
but potential impacts on the biota are not readily pre-
dictable because bioavailability is a dynamic com-
ponent composed of complex physical, chemical, and
biological interactions. Likewise the accumulation of
contaminants in tissues does not automatically indicate
adverse effects since compensatory mechanisms may
function to sequester, detoxify, or ameliorate the
effects. Therefore tools are needed that will facilitate
our ability to recognize when contaminant conditions
adversely affect biotic integrity. Cellular and molecular
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indicators provide the greatest potential for identifying
individuals and populations for which conditions have
exceeded compensatory mechanisms and which are
experiencing chronic stress, which if unmitigated may
progress to severe effects at the ecosystem level.

Lysosomes are regarded as valuable indicators of
pollutant-induced injury (Moore 1994). They are
involved in numerous functions, including nutrition,
tissue repair, cellular defense, and turnover of mem-
branes, organelles, and proteins (Adema et al. 1991,
Auffret & Oubella 1994). The acidic environment
required for optimal activity of acid hydrolases in-
volved in many functions is maintained by a mem-
brane ATPase-dependent H* proton pump (Ohkuma et
al. 1982). Lysosomes are also involved in sequestration
and metabolism of toxins, and there is a substantial
body of literature validating that environmental pollu-
tants, organic xenobiotics and metals, cause destabi-
lization of lysosomes in fish and molluscs (Lowe et al.
1981, 1995a, b, Moore 1982, 1985, 1994). Cytochemical
investigations have shown that chemical contaminants
can induce profound structural and functional alter-
ations (Moore 1988, 1990, Regoli 1992). Membrane
damage associated with impairment of the H* proton
pump and leakage of enzymes such as B-glucuron-
idase into the cytoplasm may represent initial stages of
damage which could progress to impairment of a vari-
ety of vital functions and cell death (Moore 1994, Lowe
1996).

Recently, techniques for assessing lysosomal desta-
bilization using a relatively simple neutral red reten-
tion assay that utilizes live cells rather than fixed cells
and histological techniques have been developed
(Lowe et al. 1992, 1995a). This simple approach was
developed in conjunction with fundamental histo-
chemical studies. For this assay, cells are incubated in
a neutral red suspension, and the lipophilic dye prefer-
entially accumulates in the lysosomes where it is
trapped by protonization. Stable lysosomes retain the
dye for extended periods (several hours), whereas
damaged lysosomes are unable to retain the dye so it
leaks into the cytoplasm. Neutral red retention assays
reflect the efflux of lysosomal contents into the cytosol
that occurs when membranes are damaged and may
also reflect impairment of the H* ion pump (Lowe et al.
1995by).

To date, bivalve studies have been conducted with
mussels, Mytilus edulis and other Mytilus species. In
this paper, studies are presented using these tech-
niques with oysters Crassostrea virginica. Lysosomal
responses following laboratory exposures to Cu and
field exposures to contaminants are described. An-
other important parameter that was evaluated was
salinity, since oysters live in habitats ranging from
8-10% to full seawater (34 %o). If salinity variations af-

fect lysosomal condition, then field studies on animals
from variable salinity regimes must be carefully inter-
preted to distinguish anthropogenic causes from salin-
ity effects. Therefore the results from these studies
were used to evaluate 2 hypotheses regarding lysoso-
mal responses in oysters: (1) lysosomal destabilization
indices are not affected by salinity, and (2) lysosomal
destabilization indices are affected by anthropogenic
contaminants.

MATERIALS AND METHODS

Neutral red lysosomal destabilization assay. The
neutral red (NR} retention assay was modified slightly
from the protocols previously described (Lowe et al.
1992, Lowe & Pipe 1994). Pieces of digestive glands of
individual oysters (approximately 2 mm cubes) were
incubated in calcium/magnesium free saline (CMFS,
20 mM Hepes, 250 mM NaCl, 12.5 mM KC], 5 mM
EDTA, adjusted to pH 7.3 with NaOH) in trypsinizing
flasks on a shaker for 20 min to initially disaggregate
the cells. Trypsin (0.4 mg ml™!) was then added to each
flask and shaken for an additional 20 min to complete
the disaggregation of the cells. Cell suspensions were
filtered through 100 pm nylon mesh and centrifuged
(1500 rpm, 5 min, 10°C). The supernatant was dis-
carded and cells were washed twice and resuspended
in CMFS. An aliquot of the cell suspension (40 pl) was
mixed with a 40 pl aliquot of NR (prepared from a 4 mg
ml~! stock solution of NR in distilled water and diluted
with CMFS to a 40 pg ml™! working solution immedi-
ately prior to the assay) on a microscope slide, covered
with a cover slip, and incubated in a humidity chamber
at room temperature (23-25°C) for 60 min. Digestive
gland cells (6 to 12 pym in diameter) containing lyso-
somes were examined with a light microscope (100x
under oil immersion) to evaluate NR retention (reading
time for each slide was virtually the same, <1.5 min).
Cells with NR retained in lysosomes were scored as
stable and those with NR leaking into the cytoplasm
were scored as destabilized. A minimum of 50 cells
was counted for each preparation, and the data were
expressed as a lysosomal destabilization index, i.e.
percentage of cells with destabilized lysosomes per
oyster.

Laboratory studies. Laboratory studies were con-
ducted to evaluate the effects of variable salinity
regimes (a natural stressor) and copper exposures (a
pollutant stressor) on destabilization of lysosomes. For
the salinity studies, oysters (3 to 5 cm in height) were
collected from a clean site characterized by approxi-
mately 25 %o salinity (a substantial body of salinity data
from this site, including continuous readings from a
Datasonde unit deploved in situ for up to a week, indi-
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cate that salinity at this site is relatively constant, rang-
ing from 25 to 28%.). Upon return to the laboratory, the
oysters were separated and immediately placed in 4
salinity treatments (10, 20, 25, and 30%o.). Oysters were
maintained in the laboratory (initial concentration of
30 to 40 oysters per 12 1; the water was changed and
animals were fed a phytoplankton mixture of Chaeto-
cerus gracilis and Isochrysis galbana, 20 ml per oyster,
every third day). Lysosomal destabilization assays
were conducted after 18 h to determine the effects of a
relatively sudden change in salinity, and periodically
over the next 2 wk (4, 7, and 14 d) to determine the
longer-term responses. At the end of each time period,
5 individuals were removed and processed for the NR
lysosomal destabilization assay.

The copper exposure experiments were conducted
in a similar manner. Oysters collected from a clean site
were exposed to a range of copper concentrations (0,
2.5, 5.0, 10.0, and 20.0 ug 1"') at 25%.. Oysters from
each treatment were sampled after 18 h, 4 d, 7 d, and
14 d to evaluate short-term as well as more sustained
responses to Cu.

The copper concentrations of digestive gland tissues
were determined for oysters after 14 d of treatment.
Digestive gland tissues were pooled from 3 to 4 indi-
viduals, dried and weighed, digested with concen-
trated nitric acid, and analyzed by graphite furnace-
AAS. The results were cxpressed as pg Cu g™!' dry
tissue weight. Four replicate samples were analyzed
for each treatment, and means and standard deviations
were computed. Standard reference materials (NIST
Oyster Tissue, 1566a; expected Cu concentration 66.3
+ 4.3 ng g7') were analyzed to verify measurements.
The mean measured concentration of standard mater-
ial was 66.6 + 59 pg g-'.

Mean destabilization indices and standard devia-
tions were computed for each treatment, and statistical
analyses were conducted using Sigma Stat. Analysis of
variance (ANOVA) and an a posteriori test (Student-
Newman-Keuls method, SNK)] were used to identify
treatments that were significantly different from the
controls. All analyses passed normality and equal vari-
ance tests, so although arcsine transformations were
not required the transformed data were analyzed and
the results were the same. Regression analyses were
used to evalute the relationships between lysosomal
destabilization indices and Cu concentrations. The re-
gression analyses passed normality and homoscedas-
ticity tests.

Field studies. Juvenile oysters, cultured at the bi-
valve culture facilities at the Marine Resources
Research Institute (MRRI, Charleston, SC, USA), were
deployed at 15 sites in South Carolina estuaries for
approximately 30 d from mid-May to mid-June 1996.
Most of these sites have been well-characterized with

regard to contaminant loadings as part of the Environ-
mental Monitoring and Assessment Program (EMAP)
in the Carolinian Province, and others were character-
ized as part of the Bivalve Biomarker Project. Sediment
samples collected as part of the Bivalve Biomarker Pro-
ject for these studies were analyzed for metals, PAHs,
pesticides, and PCBs by staff at the National Marine
Fisheries Service, Southeast Fisheries Science Center,
Charleston Laboratory (Dr. Geoff Scott, Chief, Marine
Ecotoxicology Division). Rigorous quality control mea-
sures were included to ensure the validity of the data,
including analysis of standard reference materials
(NIST 1941, Organics in Marine Sediments; NRB
Canada MESS-2, Metals in Marine Sediments). The
percent recovery for Cu was 90 %.

At the end of the deployment period, oysters were
retrieved, washed free of mud and debris, and depu-
rated in seawater collected from the site (oxygenated,
22°C) for 24 h. Specimens were then removed from the
water and held in plastic bags in the refrigerator until
processed for lysosomal destabilization (n = 20 individ-
uals for each site). As part of our standard operating
procedures, all individuals were processed within 2 d
of depuration, and oysters from each site were subdi-
vided so that half were assayed on the first day and the
other half on the second day. Statistical analyses (i.e.
Student’s t-tests) of oysters assayed on Day 1 and
Day 2 were nct significantly different from each other
(these results corroborate similar analyses from a more
extensive dataset covering longer holding times), indi-
cating that lysosomal integrity was not affected by the
2 d holding time. Mean percent lysosomal destabiliza-
tion and standard deviations were computed for each
site. ANOVA and SNK were used to identify treat-
ments that were significantly different from the con-
trols. The analyses passed normality and equal vari-
ance tests.

The concentrations of Cu in the tissues (total soft tis-
sues, 5 replicates, tissues pooled from 10 to 20 individ-
uals for each replicate) of deployed oysters were deter-
mined by flame AAS. Standard reference materials
(NIST Oyster Tissue, 1566a; expected Cu concentra-
tion 66.3 + 4.3 pg g°') were analyzed to verify measur-
ments. The mean measured concentration of standard
material was 67.6 + 8.3 pg g-'. Regression analyses
were used to evalute the relationships between lyso-
somal destabilization and sediment Cu concentrations
as well as tissue Cu concentrations. Studentized resid-
uals were used to identify potential outliers, and those
that were statistically significant (based on a table of
critical values for tests of discordancy) were removed
(Barnett & Lewis 1978). All analyses passed normality
and homoscedasticity tests.

Native oysters were also collected from many of the
sites where hatchery-reared juveniles were deployed
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(10 of the 15 sites), and the effects on lysosomal desta-
bilization were determined (n = 15 individuals for each
site). These data tacilitated consideration of how well
the deployed oyster results reflected the conditions of
native oysters. Data from the reference, unpolluted
sites were also used to consider the effects of variable
salinity regimes on lysosomal destabilization rates
under field conditions. Mean destabilization indices
and standard deviations were computed for each site,
and ANOVA (data passed normality and equal vari-
ance tests) and SNK were used to identify sites that
were significantly different from reference sites.

RESULTS
Salinity studies

There were no significant effects of any of the salin-
ity treatments on lysosomal destabilization, in either
the short-term or long-term responses (Fig. 1).
Although sudden or longer-term changes in salinity
may elicit an array of homeostatic responses involved
in osmoregulation, there was no evidence from these
laboratory studies that salinity changes affected lyso-
somal membrane integrity. Lysosomal destabilization
indices over all salinity treatments ranged from
16.24 to 24.36. Oysters (both deployed and native) col-
lected from field reference sites (with salinities ranging
from 22 to 32 %.) also had similar destabilization indices
(ranging from 18.30 to 24.95%), consistent with the
laboratory studies.

Salinity Studies
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Fig. 1. Crassostrea virginica. Effects of various salinity

regimes on lysosomal stability. Oysters were collected from a

reference site, maintained in the laboratory at various salini-

ties and sampled at the specified time intervals. Data are

means + SD (n = 5 individuals). No significant differences
between treatments were detected
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Fig. 2. Crassostrea virginica. Effects of copper exposures on
lysosomal stability. Oysters were collected from a reference
site, maintained in the laboratory at various Cu concentra-
tions (salinity 25%.) and sampled at the specified time inter-
vals. Data are means + SD (n = 5 individuals). All Cu treat-
ments were significantly different (p < 0.05) from the controls

Laboratory Cu exposures

When oysters were exposed to Cu, using the same
experimental design as the salinity experiments, sig-
nificant adverse effects on lysosomal destabilization
were observed after only 18 h for the range of Cu con-
centrations tested (2.5 to 20.0 pg 1" (Fig. 2). The
effects were sustained or worsened with increasing
exposure time and concentration. The mean concen-
trations of Cu accumulated in digestive gland tissues
after 14 d were highly correlated with exposure con-
centration (Fig. 3). The mean lysosomal destabilization
indices after 14 d of Cu exposure were also highly cor-
related with exposure concentration (R? = 0.94) and
mean tissue concentrations (Fig. 4).

Field studies—deployed and native oysters

Hatchery-reared juvenile oysters were deployed at
the sites listed in Table 1. Sites were classified a priori
as reference or degraded based on nearby inputs as
well as existing sediment contaminant data. Informa-
tion on site location, salinity, temperature, pH, and the
number of contaminants that exceeded ER-L levels
(sediment quality guidelines defined by Long et al.
1995) are listed in Table 1. Significant increases in lyso-
somal destabilization indices were observed in oysters
deployed at all but 1 potentially degraded site (Kiawah
Creek) (Fig. 5). Likewise, studies with native adults re-
flected the deployed oyster results, i.e. significantly
higher destabilization indices were observed in oysters
collected from all degraded sites except Kiawah Creek.
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Fig. 3. Crassostrea virginica. Relationship between Cu expo-

sure concentrations and Cu accumulated in digestive gland

tissues after 14 d exposures to 0, 2.5, 5, 10, and 20 pg Cu I}

Values are means (+ SD) of 4 replicate composites (3 to 4 in-

dividuals per composite) for each treatment. Regression

parameters are shown; standard errors for the coefficient and
constant were 3.5 and 35.8, respectively
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Fig. 4. Crassostrea virginica. Relationship between Cu con-

centrations of digestive gland tissues and lysosomal destabi-

lization indices of digestive gland cells after 14 d of exposure

to 0.25, 5, 10 and 20 ng Cu 1"'. Regression parameters are

shown; standard errors for the coefficient and constant were
0.01 and 3.9, respectively

The concentrations of Cu in the soft tissues of deployed
oysters was highly correlated with Cu concentrations in
the sediments (R? = 0.69; p < 0.0001). Lysosomal desta-
bilization indices were significantly correlated with ei-
ther Cu compartment, but the relationship was slightly
stronger for tissue Cu concentrations (Fig. 6). Shipyard
Creek (SPY) was identified as a statistically significant
outlier in both cases. A strong relationship between lyso-
somal destabilization indices in native oysters and sedi-
ment Cu concentrations was also observed (y = 0.59x +
16.86; R* = 0.67; n = 8 sites, SPY and TRT were identified
as outliers based on studentized residuals).

Table 1. Name, 3-letter code, a priori site type and description, number of ER-L exceedances (metals, polyaromatic hydrocarbons, pesticides and total PCBs), and average

salinity, temperature, and pH of sites where oysters were deployed
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Temp.

Salinity

ER-L exceedances

Metals

Description

Code

Site

Pest/PCB

PAHs

7.4

27.3

29.5

Reference—Ledenwah Creek: a reference salt-marsh area
Reference—NEERS reserve, near Baruch Marine Lab

Reference

CON
NIN

Control

7.9
7.6
7.8
7.9
8.1

30.8

34.3

North Inlet

26.7

23.3

-Wando River, low level development and boating

FOS
KIA

Fosters Creek

Degraded—North Edisto, agricultural run-off 33.0 31.1

Kiawah Creek
Treatment

27.0

28.3

Degraded —North Edisto, agricultural run-off

TRT
TRP

29.9

33.3

Murrells Inlet, suburban run-off

Degraded-—Murrells Inlet, suburban run-off

Degraded

Trailer Park

Flo's

30.0 8.0
7.9
7.5
7.9

35.9

FLO

29.8

321

Degraded—Murrells Inlet, suburban run-off

ALS

Alston Creek

30.2

28.5

Degraded— Charleston Harbor, urban/marina run-off

SHM

Shem Creek

256

21.9

Degraded—Charleston Harbor, urban/industrial run-off

NMK
N

New Market Creek
Noisette Creek
Plum Island

26.4

15.8

6

Degraded— Charleston Harbor, N. Charleston Naval Base run-off{
Degraded-— Charleston Harbor, near sewage treatment plant

Degraded—Charleston Harbor, industrial run-off

Ol

7.6
?.7

26.7

257

PLM

23.8

21.0

KOP
DIE

Koppers Creek
Diesel Creek

7.6
8.1

24.6

22.9

Degraded — Charleston Harbor, suburban/industrial run-off

Degraded—Charleston Harbor, industrial run-of{

25.6

20.0

SPY

Shipyard Creek
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Crassostrea virginica - Field Studies
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Fig. 5. Crassostrea virginica. Lysosomal destabilization in-
dices of hatchery-reared juvenile oysters (n = 20 individuals)
deployed in situ for 1 mo and native oysters (n = 15 individu-
als). See Table 1 for site information. Data are means + SD.
*Site was significantly different from the reference sites

DISCUSSION

The neutral red assay was evaluated using oyster
digestive gland cells, and the results continued to sup-
port lysosomal integrity indicators as potentially valu-
able biomonitoring tools for estuarine species. The lab-
oratory salinity studies as well as analyses of native or
deployed oysters from variable salinity regimes indi-
cated that lysosomal integrity was not affected by
either short-term or longer-term variations in salinity.
However, laboratory Cu exposures and studies with
native and deployed oysters from polluted sites indi-
cated that lysosomal destabilization rates were sensi-
tive to contaminant stress. Estuarine habitats are char-
acterized by variable salinity regimes, so if cellular
responses are sensitive to salinity stress as well as con-
taminant stress, the results would be difficult to inter-
pret if salinity effects could not be distinguished from
pollutant effects. A ‘good’ biomarker of anthropogenic
effects should be insensitive to natural stressors such
as salinity, but should be sensitive to pollutants. In
combination, the salinity and contaminant studies indi-
cated that lysosomal destabilization responses in oys-
ters are potentially valuable biomarkers of pollutant
stress.

Significant increases in lysosomal destabilization
were observed with the range of Cu concentrations
tested (2.5 to 20 ng I'!), and destabilization indices
were highly correlated with the Cu accumulated in
digestive gland tissues. Significantly higher percent-
ages of cells with destabilized lysosomes were
detectable within 24 h of Cu exposure. Lysosomal
membrane destabilization after a 1 d exposure to low

Cu concentrations has been reported in mussels
(Viarengo 1989), consistent with the results reported
here for oysters. At the highest concentration of Cu
tested (20 pg 1Y), lysosomal destabilization indices
increased with time, but at the lower concentrations,
destabilization tended to plateau or improve slightly.
There was a trend of improvement between Days 4
and 7 of exposure, suggesting that compensatory
mechanisms may be ameliorating somewhat the
effects of Cu. This time frame is typical of the delay
associated with induction of metallothioneins in
bivalves (Viarengo et al. 1981, Roesijadi & Klerks 1989,
Ringwood et al. in press), which could sequester some
portion of excess Cu, thereby reducing the potential
for further damage.
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Fig. 6. Crassostrea virginica. Relationships between Cu con-
centrations of sediments (A) and tissues (B) and lysosomal
destabilization indices of digestive gland cells of hatchery-
reared juvenile oysters deployed in situ for 1 mo. Regression
parameters are shown. Sites designated with circles did not
have significantly higher destabilization rates; those indi-
cated by diamonds were significantly different from reference
sites



Ringwood et al.: Effects of stressors on lysosomal destabilization 169

Important issues regarding the use of cellular bio-
markers include understanding the effects of natural
stressors and developing an adequate database for
defining normal ranges. The ability to identify polluted
sites is dependent on our ability to distinguish normal
from perturbed responses. The potential variability
associated with the effects of environmental factors
that may fluctuate normally must be appreciated
(Huggett et al. 1992}. In these studies, laboratory and
field investigations indicated that lysosomal destabi-
lization indices were not affected by salinity. Consis-
tent with our results, previous studies conducted by
Moore et al. (1980) with Mytilus edulis indicated no
significant changes in lysosomal enzyme activities in
mussels acclimated to a high salinity regime (i.e. 33 %o)
and then transferred to a low salinity regime (i.e.
15%s). However, short-term alterations in the activity of
lysosomal enzymes were observed in the reciprocal
experiment (i.e. from low to high salinity), suggesting
that enzyme changes could be related to mobilization
of amino acids for osmoregulation (Moore et al. 1980).
Although salinity changes may be expected to elicit
enzyme alterations, our studies with oysters suggest
that any changes in enzyme responses did not result in
significant damage to lysosomal integrity.

There is some evidence that lysosomal destabiliza-
tion may also not be affected by environmentally rele-
vant temperatures since contrel rates of oysters mea-
sured from spring studies were not significantly
different from those conducted during summer
months. Furthermore, height data were also collected
as part of the standard processing procedures, and no
significant correlations (R? = 0.0006; n = 114; based on
juveniles and adults from various reference sites that
ranged from 2 to 9 cm in height) between size and lyso-
somal destabilization of oysters were detected. Our
current database for reference oysters (hatchery-
reared, wild populations, laboratory and field experi-
ments) indicates normal basal lysosomal destabiliza-
tion rates that were consistently in the range 15 to
25%.

Significantly higher destabilization indices, particu-
larly those >30 %, were always associated with anthro-
pogenic stress. Although statistical significance was
sometimes detected when destabilization indices were
between 25 and 30%, >30" may be a better overall
estimate of biological significance. If the 30 % criterion
is applied to the laboratory and field data (Figs. 4 & 6),
then concentrations in sediments or tissues that would
reflect the potential for perturbed lysosomal responses
could be estimated. These studies suggest that when
tissue Cu concentrations exceed 150 to 200 ug g=*, sig-
nificant adverse effects on lysosomal functions would
be expected. On the basis of sediment concentrations,
destabilization indices >30 % were predicted when Cu

concentrations exceeded 23 ng g~ (approximately the
same estimate was derived whether deployed or native
oyster data were used). This concentration is slightly
lower than the ER-L value of 34 ng g™' reported by
Long et al. (1995). Certainly, other pollutants in addi-
tion to Cu would contribute to adverse effects. For
example, at Shipyard Creek, destabilization rates were
high although Cu concentrations were low. Shipyard
Creek contains some of the highest chromium concen-
trations measured worldwide (Hyland et al. 1996). The
differences between Fig. 6A and 6B probably reflect
bioavailability to some extent. For example, the high
Cu concentrations in the sediments of NMK functioned
as an excellent predictor of lysosomal damage, but rel-
atively low concentrations were found in oyster tissues.
Therefore, some other contaminants probably played
important roles in the responses of NMK oysters. The
good correlation for sediments suggests that sediment
Cu concentrations served as a good surrogate of over-
all contamination. Evaluations of the relationships
between lysosomal destabilization indices and other
measured contaminants are in progress.

Another important issue regarding cellular biomark-
ers is to establish if a response indicates exposure or
effects. Although alterations in a response may occur
as a result of exposure, bivalves and other estuarine
organisms may activate compensatory mechanisms

that amelicrate adverse effects. Thercfore it is impor

tant to distinguish exposure and successful homeosta-
tic responses from responses that indicate cellular tox-
icity and reduced fitness. The significant increases in
lysosomal destabilization indices in less than 24 h indi-
cate that effects can be detected readily as a result of
exposure. Lysosomal destabilization responses may
function as valuable early warning signals, one of cells’
first responders to perturbations, or indicators of
chronic damage. It is important to identify what levels
of lysosomal destabilization can be sustained before
adverse effects on growth and reproduction are real-
ized, or when deleterious conditions reflect progres-
sion to a ‘point of no return’ or irreversible damage.
The use of a suite of responses such as lipid peroxida-
tion, glutathione, etc. in conjunction with lysosomal
function studies would improve interpretation and
confidence in our assessments.

The endpoint used in these studies (% lysosomal
destabilization after 60 min) was different from the
latency response previously used for the neutral red
retention assay (Lowe et al. 1992). However, this
approach was adopted for several reasons. From a
careful review of many of the studies published using
the neutral red assay, it was found that, in animals
exposed to pollutants in either laboratory or field set-
tings, the latency period was typically less than 60 min,
whereas control animals or animals from reference
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sites had latency periods in the range of 2 to 3 h (Lowe
et al. 1992, 19953, b, Lowe & Pipe 1994). It was there-
fore our opinion that, in these studies, a 60 min assay
would result in the identification of site-specific or
treatment-specific differences that would be consistent
with the latency period approach. Also, using a 60 min
fixed interval results in a shorter processing time so a
greater number of samples can be processed in less
time. Minimizing processing time is an important
attribute for incorporating an assay as part of a moni-
toring program.

Fortunately, this relatively simple approach is
empowered by the extensive previous studies with
mussels and fish that have established an appreciation
of the mechanisms and ramifications of lysosomal
destabilization. In mussels, other associated changes
included increased activation of lysosomal proteolytic
enzymes and stimulation of lipid peroxidation as evi-
denced by increased lipofuscin content (Viarengo et al.
1990). Two primary functions of molluscan digestive
cells are heterophagy and digestion of food material,
and autophagy of cellular components. If fusion and
enzymatic processes are perturbed, nutritional func-
tions may be impaired and the normal autophagy to
heterophagy balance may be disturbed (Moore 1994).
Impacts on fitness at the organismal level have also
been demonstrated. Increased digestive cell atrophy
and lysosomal disturbances have been associated with
reduced scope for growth in mussels (Lowe et al. 1981,
Moore & Lowe 1985). Significant alterations in hepatic
lysosomal destabilization occurred with the onset of
early necrotic changes that increased as the incidence
of tumors increased in flounder (Kéhler & Pluta 1995).
A review of the numerous pertinent studies regarding
the consequences of lysosomal damage is beyond the
scope of this paper, but the preponderance of evidence
continues to support the value of lysosomal indices as
indicators of stress.

In conclusion, this study supports the continued
development and implementation of lysosomal desta-
bilization indicators in oysters as monitoring tools.
Although oysters tend to live in habitats that are more
variable with regard to salinity regimes than mussels,
lysosomal responses were not affected by salinity. Sig-
nificant adverse effects were observed in response to
contaminants in both field and laboratory settings.
Continued evaluation of the significance of lysosomal
responses in oysters in the context of a suite of physio-
logical and cellular biomarkers will extend our inter-
pretive capabilities.
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