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ABSTRACT.ATiguatera fish poisoning is a distinctive form of ichthyosarcotoxism characterised mainly
by gastrointestinal and neurological disturbances. The ciguatoxins, responsible for this poisoning, are
complex polyethers produced by toxic strains of the dinoflagellate Gambierdiscus toxicus. These toxins
are increased to dangerous levels for man during their transmission through herbivorous and carnivo-
rous fish, various species being contaminated. The known molecular target of ciguatoxins is the voltage-
gated Na* channel. During the action of these toxins, the permanent opening of channels, at the resting
membrane potential, produces a continuous entry of Na* ions in excitable cells causing a marked in-
crease in membrane excitability and in cellular volume. To precise the neurocellular basis of the effi-
cacy of some agents used in clinical and traditional treatments of ciguatera, their effects were studied
on frog myelinated axons exposed to Pacific ciguatoxin-1B (CTX-1B). During the action of this toxin,
the increase in axonal volume and membrane excitability was reversed by lidocaine (a local anaes-
thetic), by CaCl, and by hyperosmotic external solutions (containing D-mannitol, sucrose or tetramethy-
lammonium chloride). The CTX-1B-induced hyperexcitability of the membrane was also reversed by
extracts of Argusia argentea leaves or Davallia solida rhizomes, used traditionally in New-Caledonia. It
is concluded that the various agents studied are able to counteract the neurocellular effects of CTX-1B
in myelinated axons. These results are of particular interest since they provide a scientific basis to
understand the beneficial action of therapeutic agents used in the treatment of ciguatera fish poisoning.

RESUME.HERéversibilité des effets de la ciguatoxine-1B du Pacifique sur les axones myélinisés par des
agents utilisés dans le traitement de la ciguatera.

La ciguatera est une forme particuliere d’ichtyosarcotoxisme principalement caractérisée par
des troubles gastro-intestinaux et neurologiques. Ce sont les ciguatoxines, polyéthers complexes produits
par des variétés toxiques du dinoflagellé Gambierdiscus toxicus, qui en sont responsables en se concen-
trant pour atteindre des doses dangereuses pour I’homme lors de leur transfert dans de nombreuses
especes de poissons herbivores et carnivores. La cible moléculaire connue des ciguatoxines est le canal
Na* sensible au potentiel de membrane. Durant I’action de ces toxines, 1’ouverture permanente des
canaux au potentiel de repos de la membrane, produit une entrée continue d’ions Na* dans les cellules
excitables ce qui augmente notablement 1’excitabilité membranaire et le volume cellulaire. Dans le but
de préciser les bases neurocellulaires de 1’efficacité de certains agents utilisés dans le traitement clini-
que et traditionnel de la ciguatera, leurs effets ont été étudiés sur des axones myélinisés de grenouille
préalablement soumis a ’action de la ciguatoxine-1B du Pacifique (CTX-1B). L’augmentation du
volume axonal et de 1’excitabilité de la membrane, produite par cette toxine, a été neutralisée par la
lidocaine (anesthésique local), le CaCl,, et les milieux extracellulaires hyperosmotiques contenant du D-
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mannitol, du saccharose ou du chlorure de tétraméthylammonium. L’ hyperexcitabilité membranaire,
produite par la CTX-1B, a également été supprimée par les extraits de feuilles d’Argusia argentea ou de
rhizomes de Davallia solida, utilisés dans la médecine traditionnelle en Nouvelle-Calédonie. En conclu-
sion, les divers agents étudiés sont capables de neutraliser les effets neurocellulaires de la CTX-1B au
niveau des axones myélinisés. Ces résultats sont particulierement intéressants puisqu’ils apportent une
base scientifique nécessaire a la compréhension de I’action bénéfique des agents thérapeutiques utilisés
de maniere encore empirique dans le traitement de 1’ichtyosarcotoxisme de type ciguatera.

KeyObords.[ATiguatera fish poisoning - Ciguatoxins - Na* channels - Myelinated axons - Therapeutic
agents - Cellular electrophysiology - Axonal volume.

Ciguatera fish poisoning is a distinctive and common form of a widespread human
seafood intoxication associated with a polymorphic syndrome, which includes severe
gastro-intestinal and neurological disturbances and develops after consumption of various
contaminated species of tropical and subtropical coral reef fish. The research on ciguatera
has mainly been carried out in the Pacific area where the intoxication has been directly
linked to the benthic dinoflagellate Gambierdiscus toxicus, known to produce the cigua-
toxins which, through the marine food chain, are transmitted to herbivorous and carnivo-
rous fish and ultimately to man (reviewed by Russell and Egen, 1991; Swift and Swift,
1993; Glaziou and Legrand, 1994).

Ciguatoxins, purified from wild toxic G. toxicus dinoflagellates or from Pacific
and, more recently, from Caribbean poisonous fish, are complex lipid-soluble highly
oxygenated cyclic polyether compounds (see Murata et al., 1990; Lewis et al., 1998).
Previous studies identified ciguatoxins as potent voltage-dependent Na® channel-
activating toxins. Indeed, ciguatoxins have been reported to bind with high affinity to the
receptor-site 5 of the neuronal voltage-gated Na® channel-protein (Lombet ef al., 1987;
Poli et al., 1997; Dechraoui et al., 1999). Moreover, these toxins cause membrane depola-
risation which in turn triggers spontaneous and/or repetitive action potential discharges
in excitable cells (Bidard er al., 1984; Molg6 et al., 1990; Benoit and Legrand, 1994;
Hamblin et al., 1995; Benoit et al., 1996; Hogg et al., 1998; Mattei et al., 1999). In
addition, swelling of motor nerve terminals and myelinated axons occurred during the
action of ciguatoxins (Molgo et al., 1994; Benoit et al., 1996; Mattei et al., 1997, 1999).
These toxin effects were directly related to an increased membrane Na* permeability due to
persistent activation of Na' channels at the resting potential where these channels are
normally closed. These neurocellular actions of ciguatoxins are consistent with the neuro-
logical alterations reported in patients suffering from ciguatera fish poisoning (Allsop et
al., 1986; Cameron et al., 1991).

Treatment of ciguatera fish poisoning is primarily supportive. Traditionally,
herbal remedies are used and about 100[@lants, including Argusia argentea and Davallia
solida, are reputed to be active in the South Pacific (Laurent ef al., 1993). Various other
therapeutic agents (such as local anaesthetics, calcium gluconate, vitamins, amitriptyline,
glucose and D-mannitol) have been found to be effective to treat the neurological symp-
toms of ciguatera (Palafox et al., 1988; Pearn et al., 1989; Russel and Egen, 1991; Swift
and Swift, 1993; Blythe et al., 1994; Poli et al., 1997).

The experiments to be described here were done to provide a rational basis for un-
derstanding the beneficial action of the above agents when used clinically or traditionally.
For this purpose, we investigated whether some of them could reverse the effects of Pacific
ciguatoxin-1B (CTX-1B), considered as the major ciguateric ichthyotoxin in the Pacific



Reversal of Pacific ciguatoxin-1B effects on myelinated axon 35

area, on membrane excitability and axonal volume of myelinated nerve fibres.

MATERIALS AND METHODS

The experiments were performed on single myelinated axons isolated from the sci-
atic nerve of adult frogs (Rana esculenta) of 20-3003 body weight.

Solutions, agents and ciguatoxin

The external standard physiological solution had the following composition (in
mM): NaCl 111.5, KC1 2.5, CaCl, 1.8, HEPES 10 (buffered at pH 7.4 with NaOH). In some
experiments, the osmolality of the external solution was increased by about 50% with
100hM D-mannitol, 100hM sucrose or 50@hM tetramethylammonium chloride. In
other experiments, the external CaCl, concentration was raised to 5.40hM.

Extracts of Argusia argentea leaves and Davallia solida rhizomes were prepared ac-
cording to folk remedies: 2003 of turned yellow leaves of Argusia argentea were cut in
small pieces and put to boil in 2500h] of water for 30 min, and 2503 of Davallia solida
rhizomes were beaten to a pulp and put to macerate in 250hl of water for 30 min. The two
solutions were then filtrated and kept at -20°C until used for experiments.

Pacific ciguatoxin-1B (CTX-1B) was extracted and highly purified from poisonous
moray-eels (Gymnothorax javanicus), as previously described (Murata et al., 1990). The
dry toxic extracts were dissolved in ethanol and the solution was divided into several
samples. The ethanol was then evaporated. Samples were kept dry at -20°C and diluted
immediately before experiments with external solutions.

Electrophysiology

Single myelinated axons of about 0.5[dm length were isolated and mounted in a
five-compartment chamber. The nodal membrane resting and action potentials were re-
corded using a conventional current-clamp technique (see Mattei et al., 1999). Briefly, the
normal resting potential of axons was assumed to be -70@hV and, if not otherwise stated,
the node of Ranvier under investigation was stimulated at a frequency of 0.5 Hz. The fibre
ends were cut in a solution containing 120@hM KCI, which was used in the end pools
throughout the experiments performed near 18°C.

Confocal laser scanning microscopy

For imaging myelinated axons, we used confocal laser scanning microscopy and
the fluorescent dye FM1-43 to stain their plasma membrane, as previously described (Be-
noit et al., 1996). Briefly, a desheathed piece of the sciatic nerve of about 2[dm long was
pinned to the bottom of a rhodorsil-lined Plexiglas chamber and axons were gently teased
apart from the main trunk. Before imaging, preparations were exposed for 15 min to 20k M
FM1-43, dissolved in standard physiological solution, and thereafter rinsed with dye-free
solution. A Sarastro-2000 laser confocal (Molecular Dynamics), mounted on a NIKON
optiphot-2 upright microscope equipped with a x 40 water-immersion objective (0.75
numerical aperture), was used to collect series of optical sections of living axons and
subsequent three-dimensional digital reconstruction of their structure by a look- through
projection. The experiments were carried out near 22°C.

Results were quantified on the same axon, before and during the various treatments,
by measuring the nodal length (L) and the nodal diameter (D). The nodal volume (V) was
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Fig.Ol.IReversal of the CTX-1B-induced hyperexcitability of the nodal membrane by lidocaine.
a:[@ontrol action potential evoked by a 0.50hs depolarizing stimulus. b: Spontaneous and repetitive action
potentials recorded in the presence of CTX-1B (10@M). c-d: Decrease of frequency (C) and suppres-
sion (D) of spontaneous action potentials after addition of lidocaine (S0FM) to the external solution
containing CTX-1B. e: Action potential evoked by a 0.50hs depolarizing stimulus in the presence of
lidocaine and CTX-1B.

then calculated as: VIZ@L(D/2)’. Statistical analysis of data was done using the Student’s
t-test (two-tailed). Data were considered significant at p&M.05.

RESULTS

CTX-1B (2.5-100M), when added to the solution bathing current-clamped single
myelinated axons, produced a small depolarisation of the nodal membrane (~O0OV)
which triggered spontaneous and repetitive action potentials at a frequency of about
100z (Fig.OIb). These repetitive action potentials occurred for periods up to 90 min in
the absence of any electrical stimulation. It is worth noting that, under control condi-
tions, action potentials were elicited only after brief depolarising stimuli (Fig.a). The
nodal membrane hyperexcitability induced by CTX-1B could be markedly suppressed by
various agents. Thus, addition of the local anaesthetic lidocaine (S0QM) or Argusia ar-
gentea leaves (10% of the decoction) to the external solution, as well as raising the exter-
nal CaCl, concentration (from 1.8 to 5.4hM) and increasing the osmolality of the exter-
nal solution by about 50% with D-mannitol (100@hM), tetramethylammonium chloride
(500hM) or sucrose (1000hM), decreased in frequency and finally completely suppressed
(in less than 5 min) the spontaneous action potentials elicited by CTX-1B (Fig.lc, 1d).
A similar effect, but with a longer latency (15-20 min), was observed after the addition of
Davallia solida rhizomes (3.5-10% of the maceration) to the external solution. Under
these various conditions, action potentials could still be evoked by electrically stimulat-
ing the axons (Fig.Ole). This was consistently observed in at least three different experi-
ments. The inhibitory action of the above mentioned agents on spontaneous repetitive
action potentials, except that of Davallia solida rhizomes, was reversible upon washing
them out from axons.
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Fig.[A.[TAxonal swelling of nodes of Ranvier induced by CTX-1B (10@M) and its reversal by hyperos-
motic external solutions. A: Look-through projections of a myelinated axon under control conditions (a),
after 90 min exposure to CTX-1B (b) and after 60 min addition of 100hM D-mannitol to the external
solution containing the toxin (c). The node of Ranvier (arrows) corresponds to the interruption of the
myelin sheath layers which surround the axon. B: The relative nodal volume, normalized with respect to
its control value, was determined before and after addition of 100hM D-mannitol, S00hM tetramethy-
lammonium chloride or 100hM sucrose to the external solution containing CTX-1B. Mean@[SEM of
data obtained from n different axons (numbers in parentheses).

Addition of CTX-1B (10MM), to the medium of FMI1-43-stained myelinated
axons, produced a marked swelling of the nodes of Ranvier as revealed using confocal laser
scanning microscopy. No alteration was detected in the morphology of internodal parts of
axons covered by myelin sheath layers (Fig.dA, 2B). The quantification of this effect, by
calculating the nodal volume before and at various times after the addition of CTX-1B to
the external solution (see Materials and Methods), revealed that the toxin caused, within
60-90 min, about two-fold increase in this parameter (Fig.[AB). Such increased nodal
volume resulted from an enhancement of both length, and although to a lesser extent,
diameter of nodes of Ranvier. The nodal swelling of myelinated axons produced by CTX-
1B could be completely reversed with external solutions in which the osmolality was
increased by about 50% with 100@hM D-mannitol, 50@hM tetramethylammonium chlo-
ride or 1000hM sucrose (Fig.A, 2C). The reversal occurred within 30-60 min exposure
with each of these agents. At that time, the nodal volume recovered values statistically
similar to those obtained under control conditions, i.e. before CTX-1B application
(Fig.@B).
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DISCUSSION

The present results indicate that CTX-1B, by activating voltage-dependent Na*
channels, increases the nodal membrane excitability of myelinated axons and produces a
continuous Na* entry into axons, through Na® channels opened not only at the resting
potential, but also during spontaneous action potentials. This leads to an increased intra-
axonal Na" concentration that disturbs the osmotic equilibrium between intra- and extra-
axonal media, causing an influx of water. This influx of water, which is responsible for the
long-lasting axonal swelling of nodes of Ranvier, is probably necessary to restore both
the osmotic equilibrium and the internal Na" concentration to its initial level.

The beneficial action of the therapeutic agents studied (i.e. lidocaine, CaCl,, D-
mannitol, sucrose, tetramethylammonium chloride, Argusia argentea leaves and Davallia
solida rhizomes), in the treatment of ciguatera fish poisoning, may be explained in part
by their ability to reverse the effects of CTX-1B in myelinated axons. They decrease the
toxin-induced increased excitability of the nodal membrane to a level similar to that under
control conditions (i.e. by suppressing only the spontaneous action potentials produced
by CTX-1B but not those elicited by depolarising stimuli). In addition, some of the agents
shrink nodes of Ranvier previously swollen by the toxin. This is of particular interest
since it provides a rational basis for the use of the above mentioned therapeutic agents to
treat the neurological symptoms of ciguatera fish poisoning.

Previous in vitro studies have reported the potency of hyperosmolar D-mannitol to
reverse electrophysiological and morphological effects of ciguatoxins not only in myeli-
nated axons but also in motor nerve terminals in situ and other excitable cells (see refe-
rences in Mattei et al., 1999) although this agent was shown to be ineffective, in vivo, to
treat ciguatoxin-intoxicated rats (Purcell et al., 1999). In contrast, the efficacy of tradi-
tional remedies has not been so widely studied despite the beneficial action of Argusia
argentea extracts observed in mice intoxicated with ciguateric toxins (Amade and Laurent,
1992).

In conclusion, these studies not only may help to better understand the cellular and
molecular factors involved in the toxic effects of ciguatoxins, but also provide an insight
into the therapeutic basis of agents used for treating ciguatera fish poisoning symptoms.
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