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Abstract In general, bivalves are not affected by expo-

sure to toxic dinoflagellates that produce paralyzing shell-

fish poisons (PSP). After injection with PSP extracted from

the Gymnodinium catenatum, Nodipecten subnodosus is

paralyzed, indicating that PSP provokes effects similar to

what is observed in vertebrates, including paralysis and

metabolic stress. To investigate the processes involved in

poisoning by PSP, lions-paw scallops were injected with

gonyautoxin (GTX) 2/3 epimers in the adductor muscle.

Mild doses provoked adductor muscle contractions and

paralysis, mantle retraction, and incapacity of shell closure,

but scallops gradually recovered in a clear, dose-time

recovery pattern. With high doses of GTX 2/3, scallops

were permanently paralyzed, and hemocytes in hemolymph

were reduced. Surprisingly, under these conditions, scal-

lops continued normal feeding and did not show any

microscopic defect in intestine or gills, but hemocytes

infiltrated the adductor muscle and abnormal vitellogenesis

and mantle melanization occurred. Paralysis stress was

accompanied by negative scallop responses, based on vis-

ible effects, generation of nitric oxide, lipid peroxidation,

and changes in antioxidant and hydrolytic enzymes in

hemocytes and tissues. These data can be used to under-

stand potential side effects of PSP in bivalves.

Introduction

Paralyzing shellfish poisons (PSP) are a group of at least 21

closely related tetrahydropurines, small, water-soluble

molecules that are naturally synthesized in certain micro-

algae (Schantz et al. 1975; Baden and Trainer 1993;

Oshima 1995). PSP are produced by a number of dino-

flagellates, including Alexandrium spp. (Schantz 1986;

Cembella et al. 2002), Pyrodinium bahamense var. Com-

pressa (Harada et al. 1982; Hallegraeff 1997), and Gymn-

odinium catenatum (Oshima et al. 1987; Anderson et al.

1989; Negri et al. 2003) that are present in tropical, sub-

tropical, and temperate climatic regions. Bivalve mollusks

are filter feeders that consume these toxic dinoflagellates as

part of their diet. Bivalves concentrate and accumulate

toxins in their tissues, with no important changes in its

external morphology or vital functions, but become vectors

and are potentially toxic to other animals (Bricelj and

Shumway 1998; Lagos 2003). The capacity to accumulate

PSP differs among bivalve species (Bricelj et al. 1990;

Oshima et al. 1990; Bricelj and Shumway 1998). In ver-

tebrates, PSP affect nerve function via a specific block of

the voltage-sensitive sodium channel and, therefore, the

propagation of action potentials along neurons. This

interferes with transmission of signals along the nerves

(Twarog et al. 1972; Kao 1986; Strichartz and Castle

1990). Blockage of neuronal transmission induces neuro-

logical symptoms in humans, such as perioral paresthesia,
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dizziness, paralysis, and even respiratory arrest and death

(Kao 1993; Gessner and Middaugh 1995).

Bivalves ingesting these microalgae are relatively

resistant to the harmful effects (Beitler and Liston 1990;

Mons et al. 1998; Quilliam et al. 2001). Hypotheses related

to how bivalves avoid toxicity have been proposed by

many authors: marked interspecific differences in accu-

mulation of toxins, related to variation in sensitivity

(Twarog and Yamaguchi 1975; Bricelj and Shumway

1998); resistance to PSP as a property of the individuals

nerve fibers (Twarog and Yamaguchi 1975); natural

mutation of a single amino acid residue that causes a

decrease in affinity at the PSP binding site in the sodium

channel pore (Bricelj et al. 2005); and neuromuscular

functions operated by calcium channels instead of sodium

channels (Kao 1993). Although many marine species are

known to employ sequestered algal toxins from their diets

as defensive agents, relatively little is known regarding the

means by which these species avoid autotoxicity. There are

differences among the bivalves in the way they deal with

and respond to the toxic dinoflagellates and their toxins.

Toxic dinoflagellates can significantly affect the neuro-

logical, physiological, and behavioral responses of bivalve

mollusks, including species-specific changes in feeding,

respiration, shell valve closure, mantle retraction, mucus

production, and cardiac activity (Shumway et al. 1985;

Shumway and Cucci 1987; Gainey and Shumway 1988a, b;

Shumway 1995; Matsuyama et al. 1999; Bricelj et al. 2000;

Bricelj and Shumway 1998); detrimental effects in the

immune system (Galimany et al. 2008), low susceptibility

to PSP following an intramuscular injection (Hwang et al.

1990; Lu and Hwang 2002), and, as in vertebrates, mus-

cular paralysis (Hegaret et al. 2007).

There are several enzymes that are normal by-products

of metabolism that could contribute to the knowledge of

the status of the animal by the effect of foreign com-

pounds, such as PSP. Lysosomes are organelles that are

membrane-bounded compartments containing a variety of

hydrolytic enzymes (proteases, glycosidases, lipases,

phospholipases, phosphatases, and esterases) and are pri-

mary sites of intracellular digestion (Bainton 1981). Other

kinds of damage to cells occurs when partial reduction in

molecular oxygen and secondary reactions with protons,

transition metals, and/or hydrated electrons and free rad-

icals lead to the formation of potentially deleterious,

reactive oxygen species (ROS), so-called oxyradicals,

including among these are O2
-, H2O2, and OH- (Bycz-

kowski and Gessner 1988; Winston et al. 1990). These

ROS are strongly reactive and can potentially interact

with all other cellular components (lipids, proteins, DNA)

(Manduzio et al. 2005). One consequence of overpro-

duction of free radicals is lipid peroxidation and damage

to membranes (Persky et al. 2000). Because ROS are

continuously generated by a variety of cellular processes,

all organisms have evolved antioxidant defenses. These

include a number of specific enzymes, namely catalase

(CAT), which reduces H2O2 (via 2H2O2) to 2H2O ? O2,

and superoxide dismutase (SOD), which reduces O2
- (via

2O2
-) ? 2H? to H2O2 ? O2 (McCord and Fridovich

1969; Halliwell and Gutteridge 1986; Hermes-Lima et al.

1998). Also, reactive nitrogen species (RNS) are free

radicals that are continuously produced in animals

through the reaction of nitric oxide (NO) with superoxide

(O2
-) to form peroxynitrite (ONOO-). They act together

with ROS to carry out detrimental effects on cells

(Beckman and Koppenol 1996).

In previous works, we performed feeding experiments

where lions-paw scallops were fed toxic dinoflagellates

(G. catenatum), and the scallops showed diverse responses,

such as production of pseudofeces, partial shell valve

closure, reduction in feeding, hemocyte aggregation, and

mantle melanization. Also, several hydrolytic and antiox-

idant enzymes were affected as a result of defensive and

digestive processes, leading to the idea that proteolytic

cascades could be involved (Estrada et al. 2007a, b). Some

bivalves can be exposed to large amounts of PSP but

nevertheless survive; hence, it is useful to analyze the

susceptibility to PSP by the effects of the toxin in tissues

and hemocytes of the scallop.

Scallops were injected in the adductor muscle with PSP

(epimers GTX2 and GTX3) inducing paralysis, and we

determined the effects by using histological slides, hemo-

cyte counts, and activity levels of several antioxidant and

hydrolytic enzymes, as well as NO and lipid peroxidation

production.

Materials and methods

Algal culture and source of scallops

The dinoflagellate Gymnodinium catenatum (Strain

GCQM-2) was isolated from vegetative cells collected in

Bahı́a de Mazatlán, Mexico and deposited in the collection

of the Marine Dinoflagellate Collection (CODIMAR) at

CIBNOR in La Paz, B�C.S., Mexico (www.cibnor.mx/

colecciones/codimar/icodimar.php). The cells were cul-

tured in GSe medium (Blackburn et al. 1989), with filtered

(0.45 lm) seawater and grown in monoalgal cultures in

20-l glass flasks on a 16:8 h light:dark photocycle at

21�C under 70-W fluorescent lamps.

During acclimation (14–21 days), scallops were fed a

mixture of microalgae (Chaetoceros calcitrans, Chaetoc-

eros muelleri, and Isochrysis galbana; 1:1:1) obtained at

CIBNOR. C. calcitrans (CHCAL-7) and C. muelleri

(CHM-8) were cultured in 20-l plastic bags in F/2 growth
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medium at 22�C under constant illumination at salinity of

32 psu. I. galbana (ISG-1) was grown in MA-F/2 medium

at the same temperature, salinity, and volume under con-

stant illumination. G. catenatum cultures were harvested in

the late exponential growth phase and the others in the

stationary growth phase. Juvenile scallops were collected

from suspended cultures (Lodeiros et al. 1998) at Rancho

Bueno, B.C.S., Mexico (24�320N, 111�420W) and trans-

ported to CIBNOR. They were placed in 40-l plastic tank

containing filtered (1 lm) seawater pumped directly from

the sea. The water was maintained at 22�C and salinity of

35 psu with constant aeration through air stones. The entire

volume of water in the tanks was exchanged every two

days.

Extraction, identification, and quantification of toxins

Biological activity of PSP was measured by mouse

bioassay. Toxins from G. catenatum were harvested in

late exponential growth phase. Briefly, two liters of

G. catenatum culture were harvested for analysis by

extracting the biomass by centrifugation at 3,000g, sus-

pended in 30–50 ml 0.1 N HCl, and homogenized with

glass beads (5 mm dia.). Examination under an optical

microscope of the cell debris, after homogenization,

showed that the cells were completely disrupted. The cell

extract was heated to 85�C for 5 min. After cooling the

vial to room temperature, pH was adjusted to 3.4–3.6.

The extract was centrifuged for 10 min at 10,000g. The

supernatant was stored at -80�C. The mouse bioassay

was performed according to AOAC (1984) standards, and

activity was expressed in mouse units (MU); 1 MU was

defined as the amount of toxin required to kill a 20-g

mouse in 15 min after intraperitoneal injection, which is

equivalent to 0.18 lg saxitoxin (STX). In preview work,

we extracted the toxin from dinoflagellates and identified

the toxin by HPLC as gonyautoxin (GTX) 2/3 epimers

(Estrada et al. 2007a) using post-column derivatization

HPLC with the fluorescent online detection method

(Oshima 1995; Andrinolo et al. 1999).

Injection experiments

Paralysis determination

Paralysis was assessed as described by Hegaret et al.

(2007), by observation of the scallops0 shell gape. Gaping

scallops were mechanically stimulated on the gills and

adductor muscle with a micropipette; if scallops did not

react with any movement, they were considered paralyzed.

Viability of paralyzed scallops was determined by obser-

vation of the clarity of the water and production of feces

after feeding non-toxic microalgae.

Paralysis kinetics

Juvenile scallops (4.27 ± 2.3 cm) were injected in the

adductor muscle with 0.2 ml GTX 2/3 epimers at different

concentrations (ranging from 6.25, 12.5, 12, 50, and

100 MU), six scallops were used for each treatment. Six

additional scallops were used as controls by injecting

0.1 N, 0.2 ml HCl. We had observed that scallops have the

capability to recover after a paralyzing injection and

measured the recovery time over the following 10 days;

data are presented as mean ± SD. Recovery was assessed

when the adductor muscle was not paralyzed, as deter-

mined by the closing of the shells.

Effects on hemocytes during 72 h after injection

of a low dose of toxin

Before the start of the experiments, specimens were placed

in filtered (1 lm) seawater for 48 h to clear the gut;

32 juvenile lions-paw scallops (shell height = 5.41 ±

1.22 cm) were injected in the adductor muscle with 0.2 ml

extract of toxin at a concentration of 6.25 MU with a

26-gauge needle attached to a 1-ml syringe. Another 32

specimens were used as control and injected with 0.2 ml of

0.1 N HCl without adverse effects. Total hemocyte count,

enzymes (antioxidant and hydrolytic), NO, and lipid per-

oxidation, samples were taken at 12, 24, 48, and 72 h

because we previously observed that scallops recover

normal functions after 3 days. At each time interval, the

hemolymph of 8 scallops was drawn and pooled; none of

the scallops were subjected to more than one sampling.

Effects on hemocytes and tissues 40 days after injection

of high doses of toxin

Adult mature lions-paw scallops were observed for the

effects of PSP on tissues and hemocytes. Ten adult scallops

(shell height = 14.7 ± 1.83 cm) were injected in the

adductor muscle with 0.2 ml 100 MU per scallop with a

26-gauge needle attached to a 1-ml syringe and placed in

40-l plastic containers. Eight scallops were used as controls

(injected with 0.2 ml 0.1 N HCl without any adverse

effect). Two days after injection of PSP, we started feeding

non-toxic microalgae at a concentration of *0.1 9 106

cells per scallop each day until the end of the experiment

(40 days after injection); the same procedure was used for

the controls.

Of the treated scallops, six were used for tissue and

hemocyte assays and four scallops for histological exami-

nation; additionally, for controls, five scallops were used

for tissue and hemocyte assays and three for histological

examination. At day 40, the hemolymph of six scallops was

drawn and pooled. The analysis performed in tissues and
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hemocytes at day 40 were: total hemocyte count, enzymes

(antioxidant and hydrolytic), NO, and lipid peroxidation.

Total hemocyte count was made of all scallops every

10 days during the 40-day trial. For histological study,

whole animals were removed from their shells and pre-

served in Davidson’s solution. Samples were embedded in

paraffin, sectioned to 5 lm, and stained with hematoxylin-

eosin. Permanent slides were examined under a micro-

scope, and digital photographs were taken.

Extraction of hemolymph and dissection of tissue

Prior to collecting hemolymph and dissecting tissue,

measurements of each scallop (height, width, and length)

were recorded. For extracting hemolymph, the scallop’s

two valves were kept separated with a knife blade, and the

hemolymph was withdrawn from the adductor muscle with

a 26-gauge needle attached to a 1-ml syringe. Approxi-

mately 0.5–2 ml of hemolymph per scallop was drawn,

pooled, and immediately put on ice to avoid coagulation.

Hemolymph was centrifuged at 200g (a 0.3 ml pool of

hemolymph per assay), the supernatant was discarded, and

the pellet (hemocytes) was processed for different analyses.

Total hemocyte count was recorded with an electronic

particle counter (Coulter Multi-Sizer). In the 40-day trial,

the digestive gland-stomach complex, gills, gonad,

adductor muscle, and mantle were dissected, and each

pooled tissues was ground in a mortar with liquid nitrogen

and divided into eight pieces (*100 mg per tissue for each

analysis). Tissues and hemocytes were stored at -80�C

until analysis. Then, 100 mg of tissue was homogenized

with 0.5 ml buffer and hemocytes with 0.3 ml buffer,

based on the analysis that was performed. For hydrolytic

enzymes, we used 1.2 ml buffer for tissues and hemocytes.

Determination of protein concentration

Protein concentration was determined with the method

described by Bradford (1976). Bovine serum albumin

served as the standard protein.

Enzyme assays

Activity of 19 hydrolytic enzymes (Table 1) in the selected

tissues was measured with the API-ZYM system of semi-

quantification of enzymatic activities (bioMérieux, Marcy

l’Etoile, France); 65 ll homogenized tissues and hemo-

cytes in 50 mM potassium phosphate buffer at pH 7 was

added to each microtube in the API-ZYM test strip. Strips

were incubated for 4 h at 37�C, developed, and the color

reactions were recorded according to the manufacturer’s

instructions. The results were determined by using the API-

ZYM color scale from 0 to 5, depending on the amount of

substrate metabolized, where: 1 (to 5 nmol), 2

(6–10 nmol), 3 (11–20 nmol), 4 (21–30 nmol), and 5

(31–40 nmol). Results were expressed in mg total protein.

Lysozyme was assayed by the agarose lysoplate method

with 1% agarose containing 0.5 mg ml-1 Micrococcus

lysodeikticus in a 100 mM phosphate buffer at pH 5.8. The

agarose was placed in square Petri plates (20 ml per plate).

When solidified, the wells were punched, and 20 ll of the

commercial lysozyme (SIGMA; 1 mg/ml stock) or samples

was loaded into the appropriate wells (triplicate tests) and

incubated at 37�C. After 24 h and 48 h, the zone of

clearance around the well was measured. A standard curve

and activity was prepared that relates the diameter of the

clear zone to concentration of the standards (commercial

lysozyme).

Antioxidant enzymes were measured as follows. Cata-

lase (CAT; 1.11.1.6) activity was determined by the

decrease in absorbance at 240 nm, using *75 mM H2O2

(ext. coeff. 40 M-1 cm-1; Claiborne 1985) in 50 mM

phosphate buffer at pH 7 and adjusting absorbance of this

solution to 0.05 ± 0.01. Total CAT enzyme activity was

expressed in terms of units (lmoles substrate converted to

product min-1) mg total protein. Superoxide dismutase

(SOD; 1.15.1.1) activity was measured by the reduction of

cytochrome c by the xanthine oxidase/xanthine system in

50 mM phosphate buffer at pH 7.8 at 550 nm (McCord and

Table 1 Enzymes detected with the API ZYM system

Enzyme Substrate

1. Esterase (C4) 2-naphthyl butyrate

2. Esterase lipase (C8) 2-naphthyl caprylate

3. Lipase (C14) 2-naphthyl myristate

4. Leucine

aminopeptidase

L-leucyl-2-naphthylamide

5. Valine aminopeptidase L-valyl-2-naphthylamide

6. Cystine

aminopeptidase

L-cystyl-2-naphthylamide

7. Trypsin N-benzoyl-DL-arginine-2-naphthylamide

8. Chymotrypsin N-glutamine-phenylalanine-2-

naphthylamide

9. Alkaline phosphatase 2-naphthyl-phosphate

10. Acid phosphatase 2-naphthyl-phosphate

11. Phosphohydrolase Naphthyl ASBI-phosphate

12. a-Galactosidase 6-Br-2-naphthyl-a-D-galactopyranoside

13. b-Galactosidase 2-naphthyl-b-D-galactopyranoside

14. b-Glucuronidase Naphthyl-ASBI-b-D-glucuronide

15. a-Glucosidase 2-naphthyl-2-D-glucopyranoside

16. b-Glucosidase 6-Br-2-naphtyl-b-D-glucopyranoside

17. a-Glucosaminidase 1-naphthyl-N-acetyl-b-D-glucosaminide

18. a-Mannosidase 6-Br-2-naphthyl-2-D-mannopyranoside

19. a-Fucosidase 2-naphthyl-a-L-fucopyranoside
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Fridovich 1969), incorporating the modifications of Beyer

and Fridovich (1987) and Vandewalle and Petersen (1987);

1U SOD = amount of sample producing 50% inhibition

under the conditions of the assay). SOD was expressed in

terms of unit mg-1 total protein.

Nitric oxide

Nitric oxide (NO) was spectrophotometrically assayed by

measuring the accumulation of its stable degradation

products, nitrate and nitrite, using Griess reagent; the

best index of total NO production is the sum of nitrites

and nitrates. To measure NO2, 150 ll of standard, blank

or sample was mixed with 50 ll Griess reagent; the

solution was immediately mixed by inversion and incu-

bated at room temperature for 10 min; absorbance at

540 nm was then measured. Concentrations of the sam-

ples were estimated from a NaNO2 standard curve (0–

50 lM from a final assay volume). Spectrophotometric

determination of nitrite, using Griess reagent, does not

measure nitrate, but could be reduced to nitrites with

chemical reagents that involve conversion of nitrate to

nitrite followed by quantification of nitrite using Griess

reagent. Nitrate was reduced to nitrite by treating sam-

ples with powdered cadmium. To activate Cd, 100 mg

Cd was washed twice with 1 ml of each of the following

in the following order: H2O, 0.1 N HCl, 0.1 N NH4OH

at pH 9.6, and H2O. In each wash, the sample was

centrifuged at 12,000g for 10 min, and the supernatant

discarded. After washes, 160 ll standard (NaNO3, 0–

50 lM), blank or sample was added to each tube and

incubated for 3 h with constant mixing. The tubes were

centrifuged, and the supernatant recovered. Then, 150-ll

supernatant was mixed with 50 ll Griess reagent. The

solution was mixed by inversion and incubated at room

temperature for 10 min. Absorbance was read at 540 nm.

The nitrate assay converted nitrate to nitrite, then

assayed as total nitrite. Using these conditions, total

nitrate and nitrite concentration could be determined and

subtracted from the nitrite concentration to obtain the

nitrate concentration.

Lipid peroxidation

Lipid peroxidation was measured by the formation of

thiobarbituric acid reactive substances (TBARS) and col-

orimetrically quantified in nmoles (MDA) as the by-prod-

uct of lipid peroxidation (Persky et al. 2000). TBARS were

determined by the reaction of the homogenate with a 1.0%

solution of 2-thiobarbituric acid (TBA) with 12.5 M TCA

and 0.8 M HCl for 10 min at 100�C. TBARS were calcu-

lated from a standard curve using 1,1,3,3-tetraethoxy-pro-

pane reagent-grade ethanol diluted with homogenization

buffer and mixed with 0.8 M HCl, 12.5% TCA, and 1%

TBA for 10 min at 100�C. Absorbance of the supernatant

was spectrophotometrically determined at 532 nm and

expressed in mg total protein.

Statistical analysis

Antioxidant enzymes, lysozyme, lipid peroxidation, and

NO were statistically analyzed by the Wilcoxon rank test

using STATISTICA vers. 6.0 software. Significant differ-

ences were set at P \ 0.05. Hydrolytic enzymes with clear

differences were set when the mean difference among

controls and treatments were [50%.

Results

Paralysis of scallops

Severe stress from injection of gonyautoxin (GTX) 2/3

epimers into the adductor muscle led to mantle retraction,

muscle contractions and paralysis, and incapacity of the

scallop to close their shells. Despite adductor muscle

paralysis, scallops showed reversible effects to paralyzing

toxins because they have the capability to recover from this

toxin. Recovery was indicated by display of normal mus-

cular functions and shell closure. We tested the time of

recovery at different dose levels, and the recovery time

varied; at high concentrations, some specimens did not

fully recover within the 10-day experiment but were still

viable (Fig. 1).

Fig. 1 Time of recovery at different PSP concentrations (mouse

units, MU) in lions-paw scallop Nodipecten subnodosus over 10 days.

At high concentrations, some specimens did not fully recover within

the 10-day experiment (arrows indicate concentrations at which some

scallops did not recover). Data represent mean ± SD (n = 6)
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Low-dose experiment

In the low-dose experiment, scallops recovered after 48 h

and, at 72 h, all the scallops had completely recovered,

based on visual inspection and total hemocyte count

(Fig. 2a). We used 72 h as the limit for analyzing effects.

For this experiment, we only studied hemocytes; assays

showed that hemocytes decreased during the first 24 h and

began recovering *48 h after injection. Besides the

hemocyte count, some enzyme activity decreased and

increased parallel to the change in hemocyte count (Fig. 2;

Table 2). Figure 2b shows total hydrolytic enzymes activ-

ities during 72 h. Lysozyme (Fig. 2c) also showed marked

differences during the first 48 h, and NO showed differ-

ences at 48 and 72 h (Fig. 2f). Antioxidant enzymes did

not show adverse effects from injection (Fig. 2d, e).

High-dose experiment

We administered the highest toxin doses to adult scallops.

Paralysis of the adductor muscle occurred in all scallops

from injection of G. catenatum toxins. After 40 days, the

scallops had not closed their shells, which indicated that

they did not recover function of their adductor muscle.

Two days after injection, the specimens were placed on a

nontoxic microalgae diet until the end of the experiment,

with the intention to study gastrointestinal tract function.

These scallops consumed the microalgae and produced

feces that were easily recognizable. At 40 days, the spec-

imens were processed for different analyses of tissues and

hemocytes. Total hemocyte count declined in treated

scallops compared to controls (Fig. 3a). PSP did not sig-

nificantly affect total hydrolytic activity (Fig. 3b); how-

ever, the digestive gland, gills, and hemocytes tended to

increased hydrolytic enzyme activity in the mantle and

muscle. Table 3 shows specific activities of each hydrolytic

enzyme in different tissues. The effects in lysozyme

activity were clear; tissues and hemocytes showed

increased activity except for the digestive gland and gills

(Fig. 3c). Antioxidants enzymes SOD and CAT activity

tended to decline in the test specimens, especially in the

muscle, mantle, and hemocytes (Fig. 3d, e). The NO

Fig. 2 Total hemocyte count,

enzyme activities, and nitric

oxide in hemocytes of juvenile

lions-paw scallop Nodipecten
subnodosus (shell

height = 5.41 ± 1.22 cm)

injected with 6.25 mouse units

(MU) in the adductor muscle

with PSP from Gymnodinium
catenatum and effects measured

over 72 h. Total hydrolytic

activity (b) is the sum of all

activities from Table 2, which

shows specific activities of each

hydrolytic enzyme in different

tissues and hemocytes. Data

represent mean ± SD (n = 8).

Asterisk denotes statistically

significant differences

(P \ 0.05), except in hydrolytic

enzymes, where asterisk
denotes significant differences

of [50% between controls and

treatments
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showed greater activity in all tissues except gills, with

significance differences in the gonad, mantle, and hemo-

cytes (Fig. 3f). Only the gonads showed significant dif-

ferences in increased lipid peroxidation (Fig. 3 g).

Histopathological findings

Figure 4 shows the histopathology of specimen tissues

40 days after being subjected to administration of high-

dose PSP. Atrophy in muscle fibers in the foot, adductor

muscle, and mantle occurred (Fig. 4b, d, f, j, l). Mantle

melanization (Fig. 4n) and hemocyte infiltration into the

adductor muscle occurred (Fig. 4h). Figure 4p shows

abnormal vitellogenesis in the gonad.

Discussion

Lions-paw scallops injected with PSP from Gymnodinium

catenatum caused paralysis. It is well known that paralysis

is a common response in humans and other vertebrates

when they consume shellfish that have been exposed to

toxic dinoflagellates; however, it is generally regarded that

bivalves do not experience paralysis. In a previous study,

we fed the toxic dinoflagellate G. catenatum to lions-paw

scallops and found that the scallops reduced ingestion,

produced pseudo-feces, partly close their shell, had

increased melanization, and had aggregated hemocytes;

however, they were not paralyzed, did not die, and accu-

mulated these toxins in different tissues, principally the

digestive gland (Estrada et al. 2007a, b). Hegaret et al.

(2007) observed paralysis in oysters exposed to Alexand-

rium spp., a PSP producer; however, toxic dinoflagellates

had minimal apparent effects on several hemocyte

parameters in oysters. Possibly, species that are periodi-

cally exposed to dinoflagellate blooms have evolved

mechanisms permitting tolerance of toxic organisms and

exploit them as food. For example, Crassostrea gigas

ceases filtering when exposed to Gonyaulax. Oysters shut

their valves tightly and do not resume filtering until the

water is clear, unless the exposure is extremely prolonged,

the oysters minimally filters (Dupuy and Sparks 1967).

Although shellfish had been regarded as unaffected vectors,

it is now known that toxic dinoflagellates can significantly

affect the survival and physiology of bivalve mollusks,

including species-specific changes in feeding, respiration,

shell valve closure, mantle retraction, mucus production,

cardiac activity, and immuno-suppression (Shumway et al.

Table 2 Hydrolytic enzymes tested by API ZYM system

12 h 24 h 48 h 72 h

C T C T C T C T

1 5.6 ± 1.9 4.1 ± 1.4 6.2 ± 1.5 * 7.3 ± 4.2 2.9 ± 0.4* 5.4 ± 0.3 4 ± 0.4

2 55 ± 12 * 40 ± 15 18 ± 5.8* 47 ± 9.1 57 ± 12 41 ± 21 56 ± 49

3 11 ± 0.7 4.3 ± 2.5* 8.8 ± 2.1 2.9 ± 0.1* 10 ± 0.3 9.8 ± 4.5 23 ± 15 14 ± 5.2

4 2.3 ± 3.3 * 4 ± 1.5 10 ± 0.3 * 5.4 ± 0.3 1.8 ± 1.3*

5 89 ± 5.7 112 ± 15 100 ± 24 52 ± 9.1 84 ± 2.8 117 ± 17 97 ± 9.08 161 ± 19

6 11 ± 0.7 9 ± 9.1 12 ± 2.8 2.9 ± 0.1* 18 ± 3.1 14 ± 2.1 12 ± 1.1 11 ± 9.9

7 11 ± 0.7 9.3 ± 4.2 12 ± 2.8 4.4 ± 1.9* 10 ± 0.3 14 ± 2.1 12 ± 1.1 11 ± 9.9

8

9 11 ± 0.7 12 ± 0.2 12.5 ± 3 4.4 ± 1.9* 13 ± 4.1 9.1 ± 0.9 12 ± 1.1 1.8 ± 1.3*

10 11 ± 0.7 14 ± 1.9 25 ± 6.1 4.5 ± 2.2* 36 ± 6.2 11 ± 1.7* 12 ± 1.1 18 ± 8.07

11 11 ± 0.7 8.9 ± 1.7 25 ± 6.1 6 ± 2.2* 21 ± 0.7 9.1 ± 5.4* 17 ± 6.9 7.3 ± 6.4*

12

13 14 ± 4.8 14 ± 1.9 36 ± 21 5.2 ± 3* 26 ± 6.6 14 ± 2.1 21 ± 2.3 7.3 ± 6.4*

14 1.5 ± 1.2* 1.5 ± 2.1* 4.7 ± 0.9 *

15 2.3 ± 1.3 4.7 ± 2.3 8.8 ± 2.1 1.4 ± 2.1* 8 ± 0.2 9.4 ± 9.6 10 ± 0.7 2.1 ± 2*

16

17 17 ± 9 56 ± 7.8* 35 ± 8.5 1.4 ± 2.1* 53 ± 16 45 ± 27 37 ± 20 8.7 ± 6.1*

18 3.8 ± 2.1 11 ± 1.5* 8.8 ± 2.1 * 10 ± 0.3 1.6 ± 2.2* 8.4 ± 0.9 *

19 3.8 ± 2.1 11 ± 1.5* 8.8 ± 2.1 * 10 ± 0.3 1.6 ± 2.2* 7.1 ± 2.7 *

Adductor muscles of lions-paw scallops (Nodipecten subnodosus) were injected with 6.25 mouse units of PSP toxins and its effects on hemocytes

during 72 h. Columns represents controls (C) and treatments (T). Rows represent different enzymes according to Table 1

Blank cells represent no activity. Asterisks denote significant differences ([50% between control and treatments). Data represent mean ± SD

(n = 8). Shell height of specimens was 5.41 ± 1.22 cm
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1985; Shumway and Cucci 1987; Gainey and Shumway

1988a, b; Shumway 1995; Matsuyama et al. 1999; Gali-

many et al. 2008).

The epimers GTX 2/3 used in this study and other

analogs of PSP are extremely potent poisons that prevent

nerve and muscle cells from producing action potentials by

blocking sodium channels in vertebrates; this leads to

paralysis (Kao 1966; Ritchie and Rogart 1977). Several

reports show that some bivalves harbor, without apparent

harm, high concentrations of PSP for long periods, while

other bivalves react to relatively low levels of toxin and

suffer sub-lethal or even lethal effects when toxin con-

centrations are high. Susceptibility to ingested toxins and

capacity to accumulate toxins varies markedly within and

among bivalve species (Kvitek and Beitler 1991). Some

bivalves avoid toxicity by altering the composition of the

mixture and PSP can migrate to different tissues and

undergo further transformation in the process (Shimizu and

Yoshioka 1981; Hall et al. 1990). Toxicity varies

considerably with body size, immersion time, habitat, and

other factors (Bricelj and Shumway 1998). In some species,

toxins may be stored to reduce the levels of toxin in cir-

culation, thus protecting the nervous system from exposure.

Such a mechanism was described by Price and Lee (1971,

1972) in Saxidomus, where the toxin is sequestered in

pigmented granules in the siphon. The total amount of PSP

stored in some animals may be quite small, permitting

survival of relatively sensitive species, except during very

intense or prolonged blooms (Twarog and Yamaguchi

1975). They also showed that some bivalves are resistant to

PSP because it is a property of individual nerve fibers.

Ritchie and Rogart (1977) reported that nerves in several

mollusks are insensitive to saxitoxin. Kao (1993) suggested

that shellfish are usually not affected by PSP because many

of them have nerves and muscles that work mainly by

voltage-gated calcium channels, such as the byssus

retractor muscle of Mytilus edulis, which depends on

increased conductance to calcium rather than sodium ions

Fig. 3 Total hemocyte count,

enzyme activities, nitric oxide,

and lipid peroxidation in tissues

and hemocytes of lions-paw

scallop Nodipecten
subnodosus (shell height =

14.7 ± 1.83 cm) injected with

100 mouse units (MU) in the

adductor muscle with PSP from

Gymnodinium catenatum and

effects measured at day 40.

Total hydrolytic activity (b) is

the sum of all the activities from

Table 3, which shows specific

activities of each hydrolytic

enzyme in hemocytes. Data

represent mean ± SD (control

n = 5; treated n = 6). Asterisk
denotes statistically significant

differences (P \ 0.05), except

in hydrolytic enzymes, where

asterisk denotes significant

differences of [50% between

controls and treatments
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Fig. 4 Microphotographs of lions-paw scallop Nodipecten subnodo-
sus showing effects of injection of PSP from the dinoflagellate

Gymnodinium catenatum (b, d, f, h, j, l, n, and p) and control

specimens (a, c, e, g, i, k, m, and o). a and c foot muscle in control

specimens, b and d foot muscle with muscular fiber atrophy in treated

specimens, e and g adductor muscle in control specimens, f and h

muscular atrophy and hemocyte infiltration in adductor muscle,

respectively, in treated specimens, i and k mantle muscle in control

specimens, (j and l muscular fiber atrophy in mantle in treated

specimens, m mantle with minimal melanization in control specimen,

n mantle with severe melanization in treated specimen, o normal

oocytes in control specimen, and p abnormal vitellogenesis
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(Twarog and Muneoka 1973; Muneoka and Twarog 1983),

whereas PSP only blocks voltage-gated sodium channels.

More recently, Bricelj et al. (2005) isolated nerve trunks

from clams and exposed them to a toxin in vitro and found

a single mutation of a single amino acid residue in the

sodium channel that provided resistance to the toxin, which

causes a decrease in affinity at the PSP binding site.

In our study, juvenile scallops recovered muscular and

other functions in 24–48 h after injection of low doses. At

high doses, adult scallops did not recover by day 40 after

injection, but they maintained a functioning digestive tract

while the adductor muscle was paralyzed, the mantle was

contracted, and the shell remained open. Although these

toxins are very specific, sodium channel blockers, their

Fig. 4 continued
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effects are reversible (Schantz 1986; Hall et al. 1990; Mons

et al. 1998); which explains why, over time, the neuro-

physiological effects can disappear in scallops. Hwang

et al. (1990), and Lu and Hwang (2002) studied several

species of bivalves that received PSP by intramuscular

injection: the minimum lethal dose (LD99) was remarkably

high, [300 MU/20 g, compared with fish (0.5–33 MU/

20 g) and crustaceans (0.5–10 MU/20 g). The relative

resistance to PSP does not necessarily indicate immunity of

a bivalve species to toxins. We measured several enzymes

and other activities to assess the effect of PSP on hemo-

cytes and tissues during paralysis. In the 72-h experiment,

we analyzed only hemocytes. At 24 h, there was a notable

reduction in hemocytes and enzyme activity, followed by

recovery in the number of hemocytes and several measured

parameters. Effects can be attributed to reduced sensitivity

to toxins as well as their capacity to reverse toxicity. We

worked with hemocytes because they are the first line of

internal defense against parasites, pathogens, and non-self

materials and play an important role in disease prevention.

Their function is regulated by internal factors (hormones

and humoral factors present in hemolymph), and they are

highly sensitive to external disturbance (temperature,

salinity, and chemical pollution of the water) (Livingstone

and Pipe 1992; Lacoste et al. 2002; Roch 1999; Sauve et al.

2002).

Based on histological slides and several measured

parameters in the 40-day experiment of hemocytes and

tissues, the mantle, muscle, and gonad were the most

affected. Melanization of mantle and aggregation of

hemocytes could be symptoms of damage. We observed

in previous work, when scallops fed on toxic dinoflagel-

lates, the adductor muscle and digestive gland are not

affected; however, gills and mantle tissue are markedly

affected, because these sites are the first to respond to

toxic, as evidenced by melanization of the mantle and

aggregation of hemocytes, where proteolytic cascades

could be involved (Estrada et al. 2007b). By injection of

GTX2/3 epimers for long-term paralysis, hemocytes were

reduced in all samples taken during the study. The scal-

lops probably experienced immunosuppressive effects

during this treatment. Since their environment was safe

and conditions were controlled, high risks from pathogens

normally present under natural conditions was reduced.

Total hydrolytic enzymes in hemocytes increased, but

there were still fewer hemocytes; the decline in total

hydrolytic activity is seen in the damaged mantle and

muscle and a tendency to increased activity in the

digestive gland and gills, which are active during feeding

responses; although the scallops were paralyzed, they

continued to feed and produce feces. Lysosomes are

organelles which are membrane-bounded compartments

containing a variety of hydrolytic enzymes (proteases,

glycosidases, lipases, phospholipases, phosphatases,

esterases) and are primary sites of intracellular digestion

(Holt et al. 2006). Lysozyme, another hydrolytic enzyme,

was markedly reduced in all tissues and hemocytes at low

and high doses of PSP. This enzyme is a defense against

bacterial infection by inducing bacterial cell lysis by

hydrolyzing the b-1,4-linked glycosidic bond of the pep-

tidoglycan on the bacterial cell wall (Imoto et al. 1972).

Probably, susceptibility during long paralysis makes

scallops more sensitive to pathogens that colonize dam-

aged tissue with reduced lysozyme activity. Since the

digestive gland is responsible for most of the metabolic

processes occurring in mollusks, it is likely that the

common processes carried out during paralysis by this

tissue support survival.

Antioxidant enzymes were not affected during low-dose,

short-term paralysis; high-dose, long-term paralysis

reduced antioxidant defenses in hemocytes and the muscle,

mantle, and gonad, where decreased antioxidant enzymes

was accompanied by an increase in NO. In the digestive

gland and gills, antioxidant activity significantly increased

in the treated specimens. The NO plays, at the same time, a

role in destruction and production of radicals, avoiding the

excessive formation of ONOO- and inhibiting ROS

(Forslund and Sundqvist 1997; Tafalla et al. 2003), or

outcompeting with SODs for reaction with O2, and that

ONOO- will be generated as a consequence of the

simultaneous production of.O2
- and NO (Beckman and

Koppenol 1996). Probably in a similar process, the effect

of PSP also reduces the antioxidant defense in scallops

which suggests host defense against ROS in some tissues

and damage in other. Moreover, NO can reacts with radi-

cals generating less reactive species. It is thus able to

inhibit lipid peroxidation (Rubbo et al. 2000); however,

one consequence of overproduction of free radicals is lipid

peroxidation and damage to membranes (Persky et al.

2000). The effect of a high-dose injection was not signifi-

cantly different in paralyzed animals and controls in lipid

peroxidation, except in the gonad, where the presence of

abnormal vitellogenesis, as shown by histological exami-

nation, could be part of lipid peroxidation at day 40 of

paralysis.

In summary, while lions-paw scallops has resistance to

toxic G. catenatum cells (Estrada et al. 2007a, b), when the

GTX2/3 epimers were injected into the adductor muscle,

the scallop exhibited strong negative responses. Although

most filter-feeders are relatively insensitive to PSP-pro-

ducing phytoplankton, there are differences among the

bivalves in the way they deal with and respond to the toxic

cells and their toxins, as determined from neurological,

physiological, and behavioral responses. How bivalves

tolerate toxins in their algal diets and avoid toxicity has

been studied by many authors. At low doses, the lions-paw
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scallop recovered from paralysis without apparent lasting

effects, and this was clearly a dose-time recovery, a known

response in many vertebrates, with the reversible nature of

the effects from PSP. Production and destruction of the

radicals of oxygen and nitrogen, antioxidant enzymes,

hydrolytic enzymes, and other molecules coexist in a weak

balance; PSP could influence this balance in different ways,

affecting hemocytes and tissues at the molecular level. The

most affected tissues were the mantle, muscle, gonad, and

hemocytes, which probably makes the affected individuals

more susceptible to pathogens. The gills and digestive

gland seem to be only minimally affected and continue

normal functions.
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