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The stress response is a series of coordinated physiolog- INTRODUCTION

ical reactions increasing an organism’s capacity to main-
tain homeostasis in the presence of threatening agents.
This fundamental process is known to involve hormonal
signaling to rapidly modulate key physiological functions
in vertebrates, but data are lacking concerning neuroen-
docrine responses to stress in invertebrates. The present
study examined circulating catecholamine (CA) re-
sponses to stress in oysters. Mechanical disturbances
(consisting of shaking the animals) and temperature or
salinity variations were applied to the animals because
these three types of stressors are commonly encountered
by oysters in aquaculture or in their natural habitat. Re-
sults show that both circulating noradrenaline (NA) and
dopamine (DA) concentrations increased in response to
stress. The catecholaminergic response to acute mechan-
ical stressors was rapid (less than 5 min), transient (a
return to basal CA levels was observed after 60–90 min),
and reflected both the intensity and duration of the per-
turbation. In contrast, responses to temperature and sa-
linity variations were long lasting (up to 72 h). CA con-
centrations varied from 1.61 6 0.30 ng NA/ml and 0.41 6

.05 ng DA/ml to maximal values of 22.07 6 0.97 ng
A/ml and 2.24 6 0.19 ng DA/ml. Such CA concentra-

ions are known to induce physiological responses in bi-
alves, suggesting that stress-induced NA and DA
hanges exert a regulatory function in oysters. © 2001
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Virtually no habitat on earth is static. As a conse-
quence, the homeostatic equilibrium of any living or-
ganism is constantly challenged or threatened by di-
verse disturbing forces known as stressors. To
maintain homeostasis, stressed animals elicit a coor-
dinated set of behavioral and physiological responses,
also termed “stress response,” to adapt and overcome
threatening situations (Wingfield and Ramenofsky,
1999).

Once detected by sensory organs, stress results pri-
marily in the stimulation of two major neuroendocrine
axes in vertebrates: the hypothalamic–pituitary–ste-
roidogenic cell axis and the hypothalamic–sympa-
thetic nervous system–chromaffin cell axis (Chrousos,
1992; Wendelaar Bonga, 1997). The former pathway
involves neuropeptides and glucocorticoids as major
messengers, whereas the latter pathway involves cat-
echolamines (CA). In turn, glucocorticoids and CA
induce secondary responses, including increased oxy-
gen uptake, mobilization of energy substrates, and
reallocation of energy away from nonimmediately re-
quired physiological processes, such as growth, repro-
duction, and certain immune functions (Wendelaar
Bonga, 1997).

Little information is available concerning the pres-
ence of glucocorticoids in invertebrates (Ottaviani et
al., 1998) but CA are present in many phyla (Klemm,
1985; Vaughan, 1988), including coelenterates (Pani



and Anctil, 1994), annelids (Anctil et al., 1990), platy-
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helminthes (Gustafsson and Eriksson, 1991), and ar-
thropods (Bakary et al., 1988; Shimizu et al., 1991). CA
nd several other biogenic amines have also been de-
ected in various mollusc tissues (Sloley et al., 1990;
akeda, 1992; Pani and Croll, 1995, 1998; Rosza, 1984;
ornezhskaya et al., 1999) and in gastropod and bi-
alve hemolymph (Manger et al., 1996; Santhanago-
alan and Yoshino, 2000; Pani and Croll, 2000). In
olluscs, CA play essential roles in several physiolog-

cal processes, including feeding (Teyke et al., 1993),
ocomotion (Sakharov and Salánski, 1982), respiration
Syed and Winlow, 1991), reproduction (Martı́nez and
ivera, 1994), and larval settling and metamorphosis

n free-living marine species (Pires et al., 1997). Little is
nown, however, about how stress influences CA se-
retion and metabolism in these animals.

The present study investigates the effects of me-
hanical stressors and temperature variations or salin-
ty decrease on CA concentrations in the hemolymph
f the bivalve Crassostrea gigas.

MATERIALS AND METHODS

Animals

C. gigas oysters (60–70 g) were maintained in poly-
thylene tanks (60 to 70 oysters per tank) containing
10 l of aerated and continously flowing (50 liter/h)
atural seawater at 14°–15°C. Animals were left un-
isturbed for a 10-day acclimation period before ex-
eriments. Oysters were submitted to various types of
tressors, including shaking, temperature increase
from 15° to 28°C) or temperature decrease (from 15°
o 5°C), and salinity decrease (from 34 to 24 ppm). For
haking, oysters were placed in a 20-liter plastic con-
ainer (21 cm in diameter) rotating on an HT labora-
ory agitator (Amilabo). This procedure was chosen
ecause it reproduces situations encountered by the
nimals during sorting or grading processes in oyster
arms. The use of a laboratory agitator allows good
epetition of experimental conditions and previous
xperiments showed that this treatment caused nei-
her damage to oyster tissues nor breaks in the shells.
fter the stress period, the animals were allowed to

ecover in their original tank. Oysters, initially accli-
Copyright © 2001 by Academic Press
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immersed in either 28° or 5°C seawater or in seawater
adjusted to 24 ppm by addition of distilled water.
Undisturbed (nonstressed) oysters were used as con-
trols.

Preparation of Hemolymph and CA Quantification

For all experiments, each oyster was taken from its
tank immediately prior to sampling. The adductor
muscle was rapidly severed, the right valve was re-
moved, hemolymph (0.5–1 ml) was sampled from the
pericardial cavity using 2-ml syringes and 26-gauge 3
/2-in. needles, and samples were put on ice. The
apidity of the procedure (1–1.5 min per sample) en-
ured that the effect of sampling on the stress-induced
A release was kept minimal. Samples from three to
ve oysters were pooled, centrifuged at 600g for 10

min at 4°C to remove the cells from the hemolymph,
and immediately processed for CA extraction. Cell-
free supernatants were collected and divided into 1-ml
aliquots to which 50 ml of 10 pg/ml 3,4-dihydroxyben-
zylamine (DHBA) was added. CA were then extracted
by absorption on alumina (Goldstein et al., 1981). Ex-
tracts were stored at 220°C and analyzed within 1–2
weeks. CA levels were determined by liquid chroma-
tography with electrochemical detection (HPLC–ED).
The HPLC system consisted of a Waters 515 HPLC
Pump equipped with an injection valve containing a
100-ml sample loop. CA detection was accomplished
by means of a Model 105 electrochemical detector
(Precision Instruments, Marseille, France). The electro-
chemical potential was adjusted at 0.6 V against a
silver/silver chloride reference electrode and a glassy
carbon working electrode. Analyses were performed
in isocratic mode at a rate of 1 ml/min. The samples
were analyzed using a Merck mobile phase and col-
umn specifically designed for the determination of
noradrenaline (NA), adrenaline (A), and dopamine
(DA). The electrochemical signal from the detector
was transmitted to a computerized data acquisition
system (Borwin 1.5, JMBS). CA concentrations were
calculated by the internal standard method using peak
areas and taking into account the recovery rate (70–
90% referred to an external standard solution) deter-
mined for each sample. The elution peaks from sam-
ples were spiked with NA, A, and DA external
standards (Merck) for confirmation of their identity.



Statistical Analysis
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All data are presented as means and standard errors
of at least three experiments. For comparison of two
means, paired or unpaired Student’s t tests were used
where appropriate. For multiple comparisons, the
data were analyzed by one-way analysis of variance.

RESULTS

Chromatograms presented in Fig. 1 show that NA
and DA could be detected and quantified by
HPLC–ED in C. gigas cell-free hemolymph. Mixing
oyster hormonal extracts with an external standard
solution containing NA, A, DHBA, and DA confirmed
that the peaks obtained from oyster hemolymph were
NA and DA (Fig. 1B). Adrenaline was not detected in
oyster hemolymph. Both NA and DA peaks increased
in oysters submitted to shaking for 1 min (Fig. 1C). NA
and DA levels in resting oyster cell-free hemolymph
were 1.61 6 0.30 and 0.41 6 0.05 ng/ml, respectively
Fig. 2). Concentrations increased to 22.07 6 0.97
g/ml for NA (P , 0.01) and 2.24 6 0.19 ng/ml for
A (P , 0.01) upon exposure to a mechanical stressor
y shaking the animals for 15 min on a laboratory
gitator rotating at 300 rpm. When oysters were sub-
itted to shaking at 100 rpm, circulating NA and DA

oncentrations reached 6.58 6 0.56 and 1.21 6 0.11
g/ml, respectively. After the stress, CA concentra-

ions decreased rapidly, returning to basal levels 100
o 120 min after the end of the stimulus. Results in Fig.

show that a 1-min shaking stress was sufficient to
licit a fivefold increase in circulating NA and a two-
old increase in circulating DA. The maximal NA and
A responses in oysters submitted to shaking for 60
in were not significantly higher than those observed

n response to shaking for 15 min; however, NA and
A concentrations remained, respectively, $10 times

nd $2 times higher than initial resting levels until the
nd of the 60-min stress period. In oysters that were
ubjected to repeated 15-min shaking periods (Fig. 4),
oststress CA levels remained three- to fivefold higher

han basal levels (P , 0.01) and the amplitude of the
ormonal response decreased significantly (P , 0.01)
fter the second repetition. The amplitudes of NA and
A responses to the sixth stress repetition were, re-
pectively, #67% (P , 0.01) and #25% (P , 0.01) of
he amplitude of initial responses.

A temperature increase from 15° to 28°C also elic-
ted significant (P , 0.01) CA responses (Fig. 5). Both

A and DA concentrations returned to basal levels
8 h after the beginning of the incubation at 28°C. In

FIG. 1. HPLC–ED chromatograms of alumina extracts from oyster
hemolymph samples and external standards. (A) Elution peaks for
NA and DA extracted from the hemolymph of undisturbed oysters.
(B) Elution peaks obtained from a mixture of an oyster hemolymph
sample (identical to sample A) and an external standard solution
containing NA, DHBA, A, and DA. (C) Elution peaks for NA and
DA extracted from the hemolymph of oysters submitted to a 1-min
shaking period. DHBA was used as an internal standard to deter-
mine recovery of catecholamines from hemolymph samples.
Copyright © 2001 by Academic Press
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oysters subjected to a temperature decrease from 15° to
5°C, the CA response was smaller. Finally, a decrease in
salinity (34 to 24 ppm) resulted in significant (P , 0.01)

A and DA responses (Fig. 6). Basal CA concentrations
ere reestablished 72 to 96 h after the beginning of the

mmersion in 24 ppm seawater. No oyster mortality was
bserved as a consequence of temperature or salinity
hanges during the experiments.

DISCUSSION

Changes in the physical environment (e.g., temper-
ature, salinity, turbidity), organism interactions (com-
petition for food, space, or sexual partners, predation,
presence of parasites), and human interference, in-
cluding aquaculture practices (handling, transport,
sorting, grading) and pollution, constitute real stres-
sors and cause stress hormone responses in verte-

FIG. 2. The effect of acute stressors (consisting of shaking the
animals on a laboratory agitator) of different intensities (100 or 300
rpm) on circulating noradrenaline (A) or dopamine (B) concentra-
tions in oysters. Data are means and standard errors of three repli-
cate experiments.
Copyright © 2001 by Academic Press
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face stressful situations that require physiological ad-
aptations; however, little is known of the hormonal
responses to stress in these animals. The present study
has investigated the impact of stress on hemolymph
CA concentrations in the oyster C. gigas.

Both NA and DA were detected in oysters’ hemo-
lymph, which is consistent with other studies showing
that these CA and their biosynthetic enzymes are
present in mollusc tissues (Sweeney, 1968; Hiripi et al.,
1977; Stefano and Catapane, 1980; Osborne, 1984;
Rosza, 1984; Barraco and Stefano, 1990; Croll and Chi-
asson, 1990), including bivalves (Coon and Bonar,
1986; Osada and Nomura, 1989; Pani and Croll, 1995,
1998). This result is also consistent with previous work
showing that NA and DA are present in mussel he-
molymph (Dietz et al., 1992) but it contradicts a recent
study by Pani and Croll (2000), who reported an ab-
sence of NA in the hemolymph of the scallop Plac-
opecten magellanicus. Considering that the extraction

FIG. 3. The effect of acute stressors (consisting of shaking the
animals at 300 rpm) of different durations (1, 15, or 60 min) on
circulating noradrenaline (A) or dopamine (B) concentrations in
oysters. Data are means and standard errors of three replicate
experiments.



tween the present results and those of Pani and Croll
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and detection methods used in our experiments are
similar to those used by the above-cited authors, the
discrepancy in the results remains unexplained. Mea-
surable NA quantities (i.e., NA in a nonconjugated
reduced form) decrease very rapidly in bivalve hemo-
lymph. Indeed, in preliminary experiments where NA
was added to oyster cell-free hemolymph at a final
concentration of 18.0 ng/ml and kept at 15°C in a
capped tube, measured NA quantities were 10.1 and
#3.5 ng/ml, respectively, 20 and 50 min after the
addition of NA and the estimated half-life time of
detectable forms of NA in oyster cell-free hemolymph
was estimated to be 25–30 min. NA has been reported
to bind rapidly to vertebrate serum proteins (Powis,
1975a, b); thus, it is possible that this hormone also
binds to oyster hemolymph proteins and becomes rap-
idly undetectable. Differences in hemolymph sample
processing time may thus explain the discrepancy be-

FIG. 4. The effect of repeated acute stress on circulating noradren-
aline (A) or dopamine (B) in oysters. Oysters were submitted to six
shaking periods (15 min each, 300 rpm) and left to rest for 45 min
between each repetition. CA concentrations were measured during
and after the first, second, third, and sixth repetitions. Data are
means and standard errors of three replicate experiments. Arrows
indicate starting times for the first, second, third, and sixth 15-min
stress periods.
(2000).
Both NA and DA concentrations fell within the

ranges reported for bivalve tissues (0.01–1.6 mg NA/g
and 0.1–3.5 mg DA/g wet weight) and blood (1–20 ng
NA/ml and 0.4–3 ng DA/ml) in previous studies
(Osada and Nomura, 1989; Dietz et al., 1992; Lacoste et
al., in press). Concentrations increased in response to
acute and acute-repeated mechanical stress and fluc-
tuated within ranges that induce physiological re-
sponses in bivalves (Muneoka and Kamura, 1982).
These results and those of Werkman et al. (1990) sug-
gesting that dopamine is involved in hormonal com-
munication in molluscs indicate that the observed
stress-induced CA changes could exert regulatory
functions. Moreover, the CA response to stress in oys-
ters reflected both the intensity and duration of the
stressor. Indeed, shaking the animals for 1 min caused
a relatively small rise in circulating CA, while 15 and
60 min of shaking elicited four- to fivefold higher CA
levels that remained high until the end of the stimulus.

FIG. 5. Effect of temperature variations on circulating noradrena-
line (A) or dopamine (B) concentrations in oysters. Temperature
changes consisted of an increase from 15° to 28°C or a decrease from
15° to 5°C. Data are means and standard errors of three replicate
experiments. Note time scale in hours.
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
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Following application of the stressor, CA were rapidly
cleared from the hemolymph. The tissues and mech-
anisms that are responsible for the clearance of circu-
lating CA in molluscs remain to be determined; how-
ever, previous studies have suggested the existence of
CA degrading enzymes such as monoamine oxydase
in bivalves (Pani and Croll, 1995, 1998, 2000). It is thus
plausible that these enzymes are responsible for the
return to basal CA concentrations in oysters.

When animals were subjected to repeated acute
stress, the time necessary for CA concentrations to
return to basal levels tended to increase, indicating
lower CA clearance capacities in repeatedly stressed
oysters. This phenomenon, which is also observed in
mammals (McCarty et al., 1997), was accompanied by
a reduction in the amplitude of the hormonal response
to stress, suggesting that sensitivity to CA increased or
CA secretion capacities diminished in oysters submit-
ted to repeated acute stress. Alternatively, habituation
to stress, which has been observed in several verte-
brates including fish (Schreck et al., 1995), may occur
in oysters and result in lessened CA responses.

FIG. 6. Effect of a decrease in salinity from 34 to 24 ppm on
irculating noradrenaline (A) or dopamine (B) concentrations in
ysters. Data are means and standard errors of three replicate
xperiments. Note time scale in hours.
Copyright © 2001 by Academic Press
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lasting CA increases in oysters. These results are con-
sistent with previous studies showing that tempera-
ture variations induce changes in monoamine
concentration and metabolism in mollusc tissues
(Hiripi et al., 1977; Stefano et al., 1978; Osada and

omura, 1989). Moreover, Dietz et al. (1992) reported
igher circulating DA levels in mussels subjected to
alt-depleted water. Interestingly, CA are known to
odulate the ciliary activity of gills (Aiello, 1990), the

rincipal site of ion transport in bivalves (Dietz and
raves, 1981; Dietz et al., 1982). Thus, it is possible that

he CA changes induced by low salinity participate in
he regulation of ion balance in oysters.

Previous studies have suggested that other biogenic
mines such as octopamine probably play important
oles in the stress response in insects and arthropods
Roeder, 1999; Hirashima et al., 2000; Sneddon et al.,
000; Stevenson et al., 2000). Further work is thus
eeded to determine how stress-induced CA and
ther biogenic amine changes influence key metabolic
echanisms and physiological functions in molluscs.
owever, this study represents a further step in the

haracterization of the neuroendocrine stress–re-
ponse system in these animals. The present results
lso offer the promise of useful tools for assessing the
hysiological status of bivalves in their natural habi-

at, under laboratory conditions, and in aquaculture
ettings.
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akharov, D. A., and Salànski, J. (1982). Effects of dopamine antag-
onists on snail locomotion. Experientia 38, 1090–1091.

anthanagopalan, V., and Yoshino, T. P. (2000). Monoamines and
their metabolites in the freshwater snail Biomphalaria glabrata.
Comp. Biochem. Physiol. 125A, 469–478.

chreck, C. B., Jonsson, L., Feist, G., and Reno, P. (1995) Condition-
ning improves performance of juvenile chinook salmon, On-
corhynchus tshawytscha, to transportation stress. Aquaculture 135,
99–110.

himizu, T., Mihara, M., and Takeda, N. (1991). High-performance
liquid chromatography of biogenic amines in the corpus cardia-
cum of the American cockroach, Periplaneta americana. J. Chro-
matogr. 539, 193–197.

loley, B. D., Juorio, A. V., and Durden, D. A. (1990). High-performance
liquid chromatographic analysis of monoamines and some of their
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.



g-glutamyl conjugates produced by the brain and other tissues of Takeda, N. (1992). Biogenic monoamine levels in the central nervous

188 Lacoste et al.
Helix aspersa (Gastropoda). Cell. Mol. Neurobiol. 10, 175–191.
Sneddon, L. U., Taylor, A. C., Huntingford, F. A., and Watson, D. G.

(2000). Agonistic behaviour and biogenic amines in shore crabs
Carcinus maenas. J. Exp. Biol. 203, 537–545.

Stefano, G. B., Hiripi, L., and Catapane, E. (1978). The effects of
short- and long term temperature stress on serotonin, dopamine
and norepinephrine concentration in molluscan ganglia. J. Therm.
Biol. 3, 79–83.

Stefano, G. B., and Catapane, E. (1980). Norepinephrine: its presence
in the central nervous system of the bivalve mollusc, Mytilus
edulis. J. Exp. Zool. 214, 209–213.

Stevenson, P. A., Hofmann, H. A., Schoch, K., and Schildberger, K.
(2000). The fight and flight responses of crickets depleted of
biogenic amines. J. Neurobiol. 43, 107–120.

Sweeney, D. C. (1968). The anatomical distribution of monoamines
in a fresh-water bivalve mollusc, Sphaerium sulcatum (L.). Comp.
Biochem. Physiol. 25, 601–613.

Syed, N. I., and Winlow, W. (1991). Respiratory behavior in the
pond snail Lymnaea stagnalis. II. Neural elements of the central
pattern generator. J. Comp. Physiol. 169A, 557–568.
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
system of the sea hare, Aplysia kurodai. Comp. Biochem. Physiol.
103C, 511–519.

Teyke, T., Rosen, S. C., Weiss, K. R., and Kupfermann, I. (1993).
Dopaminergic neuron B20 generates rhythmic neuronal activity
in the feeding motor circuitry of Aplysia. Brain Res. 630, 226–237.

Vaughan, P. F. T. (1988). Amine transmitters and their associated
second messenger systems. In “Comparative Invertebrate Neuro-
chemistry” (G. G. Lunt and R. W. Olsen Eds.), pp. 124–174.
Cornell Univ. Press, Ithaca, New York.

Voronezhskaya, E. E., Hiripi, L., Elekes, K., and Croll, R. P. (1999).
Development of catecholaminergic neurons in the pond snail,
Lymnaea stagnalis: I. Embryonic development of dopamine-con-
taining neurons and dopamine-dependent behaviors. J. Comp.
Neurol. 404, 285–296.

Wendelaar Bonga, S. E. (1997). The stress response in fish. Physiol.
Rev. 77, 591–625.

Wingfield, J. C., and Ramenofsky, M. (1999). Hormones and the
behavioral ecology of stress. In “Stress Physiology in Animals”
(P. H. M. Balm, Ed.), pp. 1–51. Sheffield Academic Press, Shef-
field, England.


	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	FIG. 1
	FIG. 2

	DISCUSSION
	FIG. 3
	FIG. 4
	FIG. 5
	FIG. 6

	ACNOWLEDGMENTS
	REFERENCES

