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Biochemical studies on skeletal muscle the Spanish mackerel indicated that these fish when 

carrying ciguatoxin produced a soluble protein of molecular weight 37 400 - 40 600 Daltons. This 

protein could not be found in Spanish mackerel that did not carry ciguatoxin. This finding is of 

considerable importance to the Fishing Industry as it could form the basis of a reliable and cost 

effective test for the presence of ciguatoxin in fish flesh. There are currently no reliable test 

available for the detection of ciguatoxin in fish. 

Feeding experiments in fish demonstrated that carnivorous fish can absorb ciguatoxin and that 

this toxin produces behavioural changes indicative of action on the nervous system. Ciguatoxin 

once absorbed from the gut was deposited in skeletal muscle. Precursors of ciguatoxin from 

Gambierdiscus toxicus had no observable effects on these fish and were not found in skeletal 

muscle after ingestion. 

A series of experiments on rats indicated that mannitol had no effect on the alterations in nerve 

conduction induced by ciguatoxin and brevetoxin, another polycyclic ether of dinoflagellate origin. 

Improvements in the ciguatera syndrome after mannitol infusion reported in clinical trials have 

no basis in terms of fundamental nerve conduction parameters. This current study provided no 

evidence for reversal by mannitol of the changes in nerve conduction characteristic of ciguatera 

poisoning. However it was established that the local anaesthetic and anti-arrhythmic agent, 

lignocaine, in clinical doses reversed all of the changes in nerve conduction induced by 

ciguatoxin. It is suggested that clinical trials should be instigated for lignocaine treatment of the 

human ciguatera syndrome. 
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Ciguatera Poisoning 

1.0 Introduction 

This f inal report detai ls the outcomes of two Fishing I ndustry Research and Development 

Corporation Grants as g iven below: 

871058 A study of the protective mechanisms in fish for ciguatoxin (CTX) and an 

assessment of their role in the therapy of human victims. 

881029 An assessment in an animal model of the ability of mannitol and other possible 

antagonists to reverse the neural symptomatology of ciguatera poisoning. 

Both of the above grants are specifically related to ciguatera poisoning and both wi l l  be 

d iscussed in this combined report .  The format of the report is such that it gives an overview of 

ciguatera based on the l iteratu re ,  a general methods section in which the extraction and partial 

purification of CTX from fish is described and then sections that address how each of the specific 

research objectives of the in it ial p roposals were met. At the end of the report s ignificant 

outcomes and d irections for future research are presented . 

I n  terms of the in itial g rants , the specific research objectives are g iven below: 

1. To determine the principal sites of storage CTX in carrier fish. (871058) 

2 .  To attempt to elucidate the mechanisms of  sequestration of CTX in the tissues of 

carrier fish. (871058) 

3 .  To examine the actions of CTX on selected tissues in a mammalian model of 

ciguatera poisoning in human. (871058) 

4. To evaluate the mechanisms of sequestration of CTX by fish as potential methods 

of therapy in humans. (871058) 

5 .  To use the ventral coccygeal nerve preparation of  the intact anaesthetised rat to 

assess the efficacy of mannitol and other antagonists on the reversal of 

neurological manifestations of ciguatera poisoning. (881029) 

FRDC Report Grants 871058 and 881029 M F  Capra 



Ciguatera Poisoning 

2.0 General Overview of Ciguatera 

Ciguatera poisoning is a form of food poisoning that occurs i n  humans after the consumption of 

particular specimens of a variety of tropical marine fish species . It is caused by the ingestion of 

smal l  quantities of a very powerfu l toxin ,  CTX, that occurs in  the tissues of the offending fish .  

The d istribution of  human ciguatera poisoning is confined mainly to  the tropical reg ions of the 

world where it is a considerable cause of morbidity. Over 50,000 people may be affected each 

year in the tropics (Regal is, 1984). 

Ciguatera poisoning has also been reported to be the most frequent form of food-borne d isease 

of a chemical nature within the USA (Withers ,  1982) with most cases emanating from Florida and 

Hawai i .  Episodes of ciguatera poisoning have been documented from the Caribbean and the 

Pacific Regions (Bagnis et al . ,  1979; Holt et al . ,  1984). Cases of ciguatera poison ing occur 

annual ly along the tropical coast of eastern Austral ia (Capra and Cameron ,  1991 ). 

Although causative fish are restricted to tropical regions, cases of ciguatera poisoning have been 

reported from temperate regions as a resu lt of individuals consuming toxic fish  while in  the 

tropics and then presenting with the ciguatera syndrome after air travel to a temperate cou ntry 

and also by the consumption of toxic tropical fish in temperate reg ions. Forty-four cases of 

ciguatera were reported from Canada in a period 1964-1985 both in victims who had consumed 

f ish in the tropics and in  those who consu med tropical f ish purchased in  Canada (Todd ,  1985). 

The largest outbreak of ciguatera poisoning i n  Australia, occu rred in 1987 in the temperate city 

of Sydney (Capra and Cameron, 1991 ) . Sixty-three people were poisoned in  this outbreak after 

eating Spanish mackerel (Scomberomores commersomi) marketed in  Sydney but captu red in  

a ciguatera endemic region,  just below the  southern marg in  o f  the G reat Barrier  Reef some 

1300 km to the north of Sydney. In  1984 a further mass poisoning occurred in Sydney in which 

40 people were intoxicated. The most d ramatic case of mass ciguatera poison ing occurred in 

1994 when 500 people in Madagas were poisoned with 98 deaths (Habermehl et al. , 1994). 

There is now a considerable amount of information on various aspects of c iguatera poison ing 

and CTX with regular publication of  reviews and monographs (Ju ranovic and Park, 199 1; Miller, 

199 1). I nterest in  the ciguatera syndrome is of long standing with the earliest Eu ropean 

documentation coming from the West I ndies in the sixteenth century (Withers ,  1982). The fi rst 

published records from the southern hemisphere were from Anderson (1776) who described an 

FRDC Report Grants 87/058 and 881029 M F  Capra 2 



Ciguatera Poisoning 

episode of ciguatera poisoning among the crew of one of Captain Cook's ships in the waters of 

Vanuatu. 

2.1  Toxin(s) Responsible for Ciguatera poisoning 

Scheuer et al., ( 1967) suggested that the syndrome of  human ciguatera intoxication that follows 

consumption of certain tropical fish was due to a single chemical entity, ciguatoxin (CTX). 

Subsequent chemical studies on the livers of toxic moray eels, Gymnothorox javanicus identified 

an extremely toxic compound (LD50 of 0.45g/kg ip mice) with a molecular weight of 1 1 1 1.7 

Daltons (Tachibana et al., 1987). The compound isolated was a polar and highly oxygenated 

molecule that belonged to a class of polyether compounds and showed similar chromatographic 

properties to the smaller polycyclic ether compound okadaic acid. 

The complexity of the CTX molecule and its low concentration (0.5 to 10.0 ppb) in the tissues of 

toxic fish hindered the final elucidation of its structure. Legrand et al., ( 1989) on the basis of high 

resolution mass spectrometry published a probably molecular formula of C60H86019• Later in the 

same year a partial structure of CTX was published (Murata et al., 1989a). The full structure of 

CTX from fish and its likely dinoflagellate precursor molecule were subsequently published 

(Murata et al., 1989b; Murata et al., 1990). Murata et al., ( 1990) confirmed the previous molecular 

formula for CTX of C60H86019 and described a brevitoxin-like polyether molecule with 13 

continu�us-ether rings. A less oxygenated congener (gambiertoxin 4b) was isolated from 

Gambierdiscus toxicus the putative elaborator of CTX, which Murata et al., (1990) suggested 

may be oxidised as a detoxification step in carrier fish. Lewis et al., (199 1) described three major 

ciguatoxins CTX-1, CTX-2 and CTX-3 from moray eels. CTX- 1 was comparable to the ciguatoxin 

isolated from moray eels while CTX-2 and CTX-3 were less polar molecules that were 16 mass 

units less that CTX-1. The signs produced in mice by each of these toxins were similar, however, 

CTX-2 and CTX-3 induced hind limb paralysis that did not occur with CTX-1. Lewis and Sellin 

(1992) have now demonstrated the presence of CTX- 1, CTX-2 and CTX-3 in three species of 

tropical fish, Spanish mackerel (Scomberomorus commersomi) coral trout (P/ectropomus spp) 

and blotched javelin (Pomadasys maculates). The relative proportions of the three distinct toxins 

differed in each of the species. 

Earlier concepts that the ciguatera syndrome in humans is due to a single toxic entity may now 

need modification. Lewis et al., ( 1991) and Lewis and Sellin (1992) have shown that variants of 
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the CTX molecule can occur in a number of species of tropical fish and that the ratios of the 

different forms of CTX are also variable. A recent review by Juranovic and Park (1991) 

acknowledges the possible involvement of five toxins (CTX, maitotoxin, scaritoxin, okadaic acid 

and prorocentrolid) in the ciguatera syndrome. Other toxins including palytoxin (Kodama et al., 

1989) may contribute to the general ciguatera syndrome and may also afford an explanation for 

the variability of symptoms reported in humans by various authors (Capra and Cameron, 1991 ). 

2.2 Origins and Transmission of CTX 

Humans may fall victim to ciguatera poisoning after eating an individual specimen of any one of 

a number of marine tropical fish. Over 400 species of fish were listed worldwide by Halstead 

(1978) as potential carriers of CTX and hence possible sources of human intoxication. Halstead's 

figures are considered to be an overestimation and the number of potential carriers may be much 

lower. Data collected by Bagnis et al., (1985), over twenty years in French Polynesia, implicated 

approximately 100 species as potential carriers of CTX. In Australia several species of primarily 

carnivorous fish including mackerel, barracuda and coral trout are responsible for human 

intoxication (Gillespie et al., 1986). Three species of fish from northern Australia, red bass, 

(Lutjanus bohar), chinamen fish (Symphorus nematophorus), and paddletail (Lutjanus gibbus), 

have been shown to have a high rate of toxicity of 4%, 7% and 18% respectively from reefs in 

the vicinity of the coastal city of Cairns (Capra and Cameron, 1991 ). The incidence of toxicity in 

fish can vary both geographically and temporarily. 

Although it has long been known that ciguatera poisoning follows the ingestion of certain 

specimens of tropical fish, the origin of the toxin remained obscure until quite recently. 

Examination of the diets of fish from a ciguatera endemic region of French Polynesia revealed 

large numbers of a dinoflagellate, Diplopsa/is sp, extracts of which showed similar 

chromatographic, pharmacological and immunological properties to CTX derived from fish 

tissues (Yasumoto et al., 1977). This dinoflagellate, initially classified as Diplopsa/is sp was 

subsequently described as Gambierdiscus toxicus (Adachi and Fukuyo, 1979). Gambierdiscus, 

an epiphyte found on a number of species of macroalgae, has now been identified in Hawaii 

{Taylor, 1979), the Caribbean (Miller et al., 1982) areas of the Pacific other than French 

Polynesia (Yasumoto et al., 1984) and Australia (Gillespie et al., 1985) . Cultures of 

Gambierdiscus have produced maitotoxin (Gillespie et al., 1985) and mixtures purported to 

contain both maitotoxin and CTX (Durand et al., 1985). The structural studies of Murata et al., 
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( 1989a & b) and ( 1990) suggest that Gambierdiscus produces precursors (gambiertoxins) of CTX 

that are bioconverted to CTX(s) by biochemical mechanisms within fish. Variation in toxicity 

between different geographical localities may reflect variation in the numbers of Gambierdiscus 

or the presence of strains capable of producing greater concentrations of toxin. Bomber et al., 

( 1988) worked with cultures of Gambierdiscus from different latitudes and found that clonal toxic 

potencies decreased with increasing latitudes. Holmes et al., ( 199 1) have shown that the 

production of gambiertoxins by Gambierdiscus is strain dependent and propose that ciguatera 

only occurs when strains with the genetic capacity to produce gambiertoxins give rise to blooms. 

The presence of Gambierdiscus toxicus in non-toxic regions suggests that the strains are not 

capable of gambiertoxin synthesis and the appearance of toxicity within a previously non-toxic 

region may indicate colonisation of the region by toxin producing strains. 

Gambierdiscus toxicus may not be the sole originator of toxins responsible for the ciguatera 

syndrome as Ostreopsis sp. (Ballantine et al., 1985) and Prorocentrum concavum (Tindall et al., 

1984) have also been implicated. Recently the cyanobacterium Oscillatoria erythreae has been 

shown to be a potential source of CTX-like toxins (Hahn and Capra, 1992). 

Ciguatoxin precursors are believed to enter the human food chain via browsing and grazing fish 

such as the surgeon fish, Ctenochaetus sp, and then move through various trophic levels. 

Gambiertoxin-like toxins and CTX-like toxins also enter the food chain via a variety of 

invertebrates (Hahn, 1991 ) . 

2.3 Pharmacological actions of Ciguatoxin 

It has been long recognised that CTX has profound effects upon the nervous system and Li 

( 1965), suggested that CTX acted primarily as an anticholinesterase. His studies however 

appeared to be based on impure extracts contaminated by other compounds and his assertions 

of an anticholinesterase activity were subsequently rejected, Rayner ( 1969). Rayner (1969) was 

the first to suggest that CTX caused a widespread effect on excitable tissues by increasing Na+ 

permeability. There is now ample evidence to support the view that CTX acts on the Na+ 

channels of excitable membranes and increases the permeability of these membranes to Na+ 

(Rayner 1972; Bidard et al., 1984; Capra and Cameron, 1985; Lewis, 1985). In cultured 

neuroblastoma cells, CTX induces a membrane depolarisation that is antagonised by 

tetrodotoxin. The widespread neural effects of CTX would appear to be due to this fundamental 
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action of CTX on Na+ channels within excitable membranes. The autonomic responses to CTX 

may be due to both presynaptic effects producing transmitter release and post synaptic effects 

of CTX on Na+ channels in effectors (Lewis, 1985). Molgo et al ( 1990) have shown that CTX, in 

nanomolar concentration, acts on Na+ channels of the neuromuscular junction to produce both 

pre- and postsynaptic effects. The inhibition of the actions of CTX by tetrodotoxin in both, in vitro 

neuromuscular preparation from whole animals (Moglo et al., 1990) and cell culture preparations 

(Moglo et al., 199 1) indicate that the CTX exerts its primary action on Na+ channels. Only 

preliminary evaluations of the pharmacological actions of the various forms of fish ciguatoxin 

have been made to date. All three fish ciguatoxins competitively inhibit the binding of brevetoxin 

to voltage dependent sodium channels (Lewis et al., 1991 ) , suggesting qualitatively similar 

pharmacological actions for the currently described variants of ciguatoxin. 

Pharmacological studies on the neural actions of CTX have been restricted, largely, to in vitro 

studies of isolated nerve and nerve muscle preparations. Such studies while providing 

considerable information on the action of CTX do not approximate the clinical situation that 

prevails in human victims. Capra and Cameron ( 1985) and Cameron et al., ( 1991a) used in vivo 

recordings from the ventral coccygeal nerve of anaesthetised rats as a model of human ciguatera 

intoxication. Rats given sublethal doses of CTX perived from toxic Spanish mackerel, 

Scomberomorus commersoni, displayed alterations in a number of nerve condition parameters. 

There was a significant slowing of both mixed and motor nerve conduction velocities and motor 

and mixed nerve amplitudes were significantly reduced. Both absolute refractory periods and 

supernormal periods were significantly prolonged together with an exaggeration of the 

supernormal response. The results of these in vivo studies indirectly suggest that CTX acts in 

intact mammals by prolongation of sodium channel activation. 

While there is now a considerable literature on the effects of CTX on mammalian nerves, there 

are few studies on the actions of this toxin on fish nerves. CTX has been shown to be lethal to 

both fresh water fish (Lewis, 1992) and marine fish (Capra et al., 1988). However, marine fish 

are less susceptible to CTX than mammals and fish with a feeding regimen that leads to dietary 

exposure to Gambierdiscus are less susceptible to CTX than those with no exposure to the 

causative dinoflagellate (Capra et al., 1988). Individual tropical fish can carry sufficient CTX in 

their tissues to poison several humans without obvious signs of pathology. Neurophysiological 

studies ( Flowers et al., 1987; Flowers, 1989) and 22Na+ efflux studies (Capra et al., 1987) on 

marine fish indicate that t he Na+ channels of fish are susceptible to CTX and that CTX exerts a 

similar effect on fish Na+ channels to that on mammalian channels. Hahn et al., ( 1992) have 
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described the presence of a CTX induced soluble protein-CTX association in the muscle of toxic 

specimens of Scomberomorus commersoni. The induction of this protein and its association with 

CTX may be the basis of a sequestration mechanism that diminishes the binding of CTX to the 

target sites on the Na+ channels of excitable membranes in fish. 

2.4 The effects of Ciguatoxin on humans 

There have been many reports on the clinical features and symptomatology of ciguatera 

poisoning in humans ( Bagnis et al., 1979; Lawrence et al., 1980; Gillespie et al., 1986; Bagnis 

and Legrand, 1987; Capra and Cameron, 199 1 ). After ingestion of toxic fish, the course of the 

affliction often follows a reasonably predictable pattern. The initial symptoms are usually 

gastrointestinal and develop at an early stage some three to twelve hours after the consumption 

of toxic fish. The gastrointestinal symptoms can include nausea, vomiting, diarrhoea and 

abdominal cramps. The usual time of onset of gastrointestinal symptoms is approximately six 

hours after ingestion. The severity of these symptoms is variable and may depend upon the 

toxicity and quantity of fish ingested. After the onset of gastrointestinal dysfunction, neurological 

symptoms usually begin to appear twelve to eighteen hours after consumption of toxic fish. 

These symptoms can include paraesthesia of the lips and extremities, arthralgia, myalgia, dental 

pain, convulsions, muscular paralysis, vertigo, severe headache, short term memory loss, 

temperature perception reversals, diaphoresis and pruritus. Some victims display psychological 

disturbances, manifest as anxiety and depression for months and sometimes years after 

intoxication. Cardiovascular symptoms which include bradycardia, tachycardia, arrhythmia and 

hypotension are also evident in a number of victims. 

A feature of the ciguatera syndrome in humans is the variability in duration and severity of 

dysfunction in various victims of the toxin. Variations in the amount of toxin consumed and the 

physiological status of each victim may account for some of the variability of response. The 

recently established variations in the quantity of the variants of CTX in individual fish may also 

contribute to variations in clinical manifestation (Lewis and Sellin, 1992). An outbreak of ciguatera 

poisoning in Sydney, Australia in 1987 led to 63 reported cases of intoxication from possibly one 

to two toxic Spanish mackerel. A study of forty of these victims over a six month period (Capra 

and Cameron, 1991) revealed variations in severity of intoxication and in the duration of 

persistence of individual symptoms. The longitudinal study of the Sydney victims did reveal that 

symptoms persisted for longer periods than previously reported. 
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Six months after ingestion of the toxic fish, 20 of the 40 victims in the study displayed at least one 

symptom. One victim who had consumed one kg of toxic fish over a three day period had eight 

persistent symptoms after six months. Despite the often severe clinical manifestation of ciguatera 

poisoning, very few deaths were attributable to ingestion of fish containing CTXs until the high 

mortality reported by Habermehl et al., (1994). 

The neurological effects of CTX are clinically prominent and account for the major discomfort of 

most victims of this toxin. Very few studies have been undertaken on the neuropathology of CTX 

in humans. Limited nerve biopsies of human with clinical ciguatera poisoning reveal striking 

oedema of the adoxonal Schwann cell cytoplasm (Allsop et al., 1986). A clinical study of nerve 

conduction parameter of the Sural and common peroneal nerves in 15 cases of acute ciguatera 

poisoning showed a significant slowing of sensory conduction velocity and prolongation of 

absolute and relative refractory periods and of the supernormal period (Cameron et al., 1991 b). 

The electrophysiological changes induced in humans by consumption of toxic fish are essentially 

similar to those in the rat as previously described. The use of the rat as a model for human 

intoxication may be useful in assessing potential therapies. 

2.5 Summary 

Ciguatera poisoning is often a severe form of food poisoning that follows the consumption of 

certain tropical fish. The syndrome of poisoning may be due to a variety of related polycyclic 

ether toxins that are produced in fish by minor modifications of precursor molecules elaborated 

by benthic dinoflagellates, in particular Gambierdiscus toxicus. The toxin(s) responsible for the 

syndrome have a fundamental action on the Na+ channels of excitable tissues and appear to act 

both centrally and peripherally. The actions of CTX on Na+ channels are qualitatively similar in 

humans, rodents and fish. 

Two issues are now of prime importance in diminishing the human impact of ciguatera poisoning. 

These are the development of reliable and cost effective methods for detection of toxin in the 

flesh of fish and the introduction of effective therapeutic regimens for victims of the toxin(s). 

Considerable success in the treatment of certain ciguatera victims with intravenous infusions of 

mannitol has been reported (Palafox et al., 1992; Blythe et al., 1992) . 

T 
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3.0 Extraction and Purification of CTX 

Several batches of extracted CTX were used in the course of the studies outlined below. Toxic 

and potentially toxic fish were acquired as donations from cases of human ciguatera poisoning 

and from commercial fisherman in Queensland (Hervey Bay and Cairns) and the Northern 

Territory (Gove). The fish were stored at -20 degrees Celsius prior to extraction and bioassay. 

The extraction method was based on the method of Nukina et al., ( 1984) as modified by Hahn 

( 199 1 ). Tissues of toxic fish were generally pooled for extraction. Species used included 

mackerel, barracuda, red bass, chinamen fish, stripey and trumpeter. Large quantities of toxic 

flesh were not available from any particular species. 

The toxic extract used for pharmacological, physiological and histological experiments in this 

study was the fraction eluted form the silic acid column with chloroform: methanol 9 :1  (Figure 1 ). 

The toxic extract was reduced by rotary evaporation and stored under anhydrous methanol at 

-20 degrees Celsius. When the toxin was required for use, the methanol was evaporated under 

a stream of nitrogen. The toxin was taken up in a vehicle consisting of a suitable physiological 

saline and 1% Tween 80 solution as an emulsifier. The extracts from the 9: 1 chloroform: 

methanol are not pure CTX and it was not possible to determine a concentration of CTX in any 

particular extract. Estimates were made of the lethality of the toxin by limited bioassay in mice 

using death time. For ethical reasons minimal numbers of mice were used. Toxicity was 

generally expressed as an LD50 value or in terms of mouse units. LD50 values were calculated 

using the formula of Tachibana (1980) as given below: 

Log 10 (LD50} = Log 10d - 2 [Log10 (1 +r1)] 

where d = dose in mg/kg 

t = death time in hours 

One mouse unit (mu) is defined as t he LD50 value divided by 50 this then being the LD50 

equivalent dose in a 20 gram mouse. 

3.1  Algal Toxins 

Toxins derived from cultures of Gambierdiscus toxicuswere kindly provided to the QUT ciguatera 

group by Prof Donald Miller of the School of Medicine, Southern Illinois University, Carbondale, 
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l l inois USA. Prof Mi l ler provided two fractions from extraction of cultu red G.toxicus classif ied in  

terms of the ch romatography. G reen extract with an LD50 of  Smg/kg ( ip m ice) and a 

con centration of 1 mg/ml in  methanol and a Brown extract with an LD50 of 1 .4mg/kg at a 

concentration of 1 .  75mg/ml i n  methano l .  

POOLED FISH TISSUE 

extracted with acetone (2mUg x 3) 

ACETONE FILTRATE 

stored at -20deg C, filter 

discard acetone insoluble 

POOLED ACETONE FILTRATE 

remove solvent (rotary evaporator) 

AQUEOUS RESIDUE 

bought to 29% methanol v/v, 

partitioned against n-hexane 

Aq 29% METHANOL 

n-HEXANE 

Methanol :water 

4:1 v/v backwash 

POOLED RESIDUE 

methanol removed 

partitioned against 

ethyl acetate 2:1 v/v x 3 

POOLED ETHYL ACETATE 

ethyl acetate removed 

Dry oil dissolved in chloroform 

SILIC ACID CHROMATOGRAPHY 

I eluted with 9:1 

chloroform:methanol v/v 

CIGUATOXIN EXTRACT 

Figure 1 :  F low d iagram of the bulk extraction procedure for ciguatoxin 
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4.0 Addressing the Stated Research Objectives 

The combined objectives of the two FRDC research grants supporting ciguatera research at OUT 

are g iven in  Section 1 .0 .  In the fol lowing sections of this report, the methods by which each of 

these objectives were addressed wil l  be detai led. The research conducted at OUT over the past 

1 O years and supported ,  in part, by FRDC has fal len into two main categories : studies in fish and 

stud ies in  mammals. The funds provided by FRDC in G rants 87/058 and 88/029 supported work 

in the fields of fish and mammal ian studies and the resu lts of this work wi l l  be presented under 

these headings. 

5.0 Studies in Fish 

5.1  General Introduction to Studies i n  Fish 

There are very few reports on the action of CTX on fish .  To date, th is sparse l i terature presents 

a confusing p icture. 

The normally non-toxic surgeon fish,  Acanthurus xanthopterus, can be fed CTX fish and acqu i re 

the toxicity without the signs  of intoxication (Helfrich and Banner, 1 963) . When CTX was added 

to the ambient water of the guppy, Lebistes reticulatus, it produced death i n  a short time (Bagn is  

et a l . ,  1 980) . The toxin i n  th is case was absorbed v ia  the g i l ls ,  contrary to what would be the 

normal route encountered in  nature . Davin et al . ,  ( 1 986) reported on  the intoxication in 

b lueheads, Thalasomma bifascitum, by the ingestion of ciguatera toxins associated with G. 

toxicus cultu res . Later studies using piscivorous fishes showed abnormal behaviou r and death 

after consumption of ciguatoxic barracuda (Davin et al , 1 988) . Capra et al . ,  ( 1 988) ,  reported 

d i fferences between two species of reef dwel l ing pomocentrids, Pomocentrus wardii and Chromis 

nitida. After i .p .  i njection of ciguatoxin it was found that both species were significantly more 

res istant to the toxin than were mammals. However, P. wardii, a browser which feeds on algae, 

was s ignificantly more resistant than C. nitida, a planktivore . The difference i n  thei r  resistance 

to the toxin reflects thei r  d ifferent feeding habits. The browser, by its mode of feeding , can ingest 

G. toxicus, the putative source of ciguatoxin (Adachi and Fukuyo, 1 979 : Yasumoto et al . ,  1 980) 

while the planktivore wou ld rarely come i n  contact with th is benthic d inoflagel late . The nerves 

of f ish have be
.
en shown to respond to CTX in a manner  that is qual i tatively simi lar to the 

responses of mammalian nerves (Capra et al . ,  1 988; Flowers et al . ,  1 992) . 
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I t  was this somewhat confusing picture that in itiated the studies of the effects of CTX on f ish i n  

which t he  fol lowing two objectives were addressed: 

• To determine the principal sites of storage of CTX in carrier fish. 

• To attempt to elucidate the mechanism of sequestration of CTX in the tissues of 

carrier fish. 

I n  o rder to address these objectives a number of related investigations on the effects of CTX on 

f ish ,  and the d istr ibution of  CTX in  fish were performed under the fol lowing  general head ings :  

• Histological studies 

• Toxicolog ical studies 

• Biochemical studies 

5.2 H istological Studies on Fish 

5.21 Introduction 

Capra et al . ,  ( 1 988) found sign ificant h istopathological changes in  the g i l l s  and gastrointest ina l  

t ract of two species of pomacentrids in jected with CTX i nto the peritoneal cavity. These two 

structu res appeared to be target sites for structural damage associated with the p resence of 

CTX. It had previously been shown by Coombe et al . ,  ( 1 987) , that CTX induced structural  

damage at the cel l u lar level in  the smal l  i ntestine of laboratory mice.  

In the in it ial research proposal to FROG we intended to examine a range of tissues from f ish 

exposed to CTX i n  order to assess the extent and site of toxin induced cel l u lar damage. Several 

t issues from intoxicated fish were examined dur ing the course of the study and the resu l ts are 

p resented below. I t  was also our intention to use i mmunohistochemical techniques to attempt 

to localise the b ind ing of CTX with in  specific tissues. Part of the project also involved the 

identif ication  of b ind i ng  sites withi n  mammal ian tissue. As h istochemical and 

immunohistochemical tech niques are in  a more refined state for mammalian tissues we decided 

to begin these stud ies i n  m ice . The immunohistochemical studies i n  mice (Section 6 . 1 )  were 

q u ite i nconc lusive and as these techn iques cou ld  not be successfu l ly used for mammals we 
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decided to abandon the study in fish .  I nstead we focussed on biochemical studies to gain some 

insight into the possible partitioning of CTX with in f ish and the resu lts of these biochemical 

studies a re g iven in Section 5.4. 

5 .22 Methods 

Al l  experimental work on histopathological changes was carried out at the University of 

Queensland , Heron Is land Research Station (H I RS) . 

I n  the initial p roposal two species of pomacentrid fish ,  Pomacentrus wardi and Chromis nitida 

were identified as test organisms. These fish could be easily captured by SCUBA divers working 

in shal low water (3-9m) on the edge of reefs. Fish were local ised around ind ividual  coral heads 

and then sprayed with an alcoholic solution of the fish anaesthetic, quinald ine.  Shortly after this 

program began we were alerted to the possible effects of qu inaldine on the thyroid . Divers using 

quinaldine are exposed to the risk of cutaneous uptake particularly by the skin  of the face and 

neck. Subsequent unpubl ished studies by Capra on the effect of qu inaldine on m ice indicated 

that this compound caused hyperplasia of thyroid fo l l icles . The occupational risks associated 

with quinaldine use were considered to be unacceptable and alternative species and alternative 

methods of captu re were explored . We subsequently found that reasonable numbers of the 

pomacentrid Dascyllus aruanus cou ld  be captured when a small coral head was l ifted into a 

hoop net then into a boat from shallow water in the Heron Lagoon .  Fish capture in this manner 

were held in aerated water on the col lect ion boat prior to being p laced in the H I RS aquarium in 

replenished sea water. Fish were held in the aquarium for periods up to three weeks and whi le 

held they were fed dai ly on aquari um fish food.  

Fish were injected on a weight/weight basis with CTX in multiples of the mouse LD50. I n jections 

were performed using glass microelectodes attached to microsyringes. Al l  i n jections were into 

the peritoreal cavity. Prior to injection, f ish were weighed and placed in individual ly label led 

hold ing aquaria. Immediately before injection ,  fish were anaesthetised i n  MS222 (ethyl m

aminobenzoate) made up in a 1 :1 OOO sea water solution .  All i n jections were carried out under 

a d issecting  microscope at low magnification .  

Tissues for histological examination were e i ther taken from fish ,  at  the point of  death , g iven lethal 

doses of toxin or after fish had been euthanased in excess MS222 anaesthetic. Tissues were 

FRDC Report Grants 871058 and 881029 M F  Capra T3 



I 
I 

I 
I 

Ciguatera Poisoning 

fixed in 1 0% neutral buffered formalin (pH 7.2) for l ig ht microscopy or in Karnovsky's fixative 

(2.5% g lutaraldehyde, 2% paraformaldehyde)for electronmicroscopy. Sections for both l ight and 

electronmicroscopy were prepared using standard methods (Blanton, 1 994) . 

5.23 Resu lts 

Tissues were examined from both control and experimental fish .  Control  fish received injections 

of the saline and Tween vehicle only, or  injections of an extract made in the same way as the 

CTX extract but from the f lesh of the non toxic fish . Table 1 summarises the number of fish in 

each treatment for each species. 

Experiment Species 

Pw Cn Da 

Control 10 10 34 

Toxin 17 28 78 

Table 1 :  Num ber of fish for each treatment for each species Pw: Pomacentrus wardi; Cn 

Chromis nitida; Da Dascyl/us aruanus 

I n  both, contro l  and experimental g roups,  the intestine ,  gi l ls and l iver were examined for 

h istological changes. The structure of the tissues from al l three species were similar and there 

was no evidence of patho logy in any of the tissues (Hibiya ,  1982) . 

I n  initial series of experiments using P wardi and C nitida carried out in 1987 and 1988 , injection 

of two and fou r  times the mouse LD50 per 5 g of fish resu lted i n  the ultimate death of a l l  fish .  The 

time from injection to death (mins) was recorded and data for these series is presented in Table 

2. 
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Species, dose X Number of fish Mean Death time Standard Error  of 

LD50, year (mins) Mean (mins) 

Pw, x2, 1 987 2 264 81  

Pw, x2, 1 988 6 362 69 

Pw, x4, 1 987 5 268 1 6  

Pw, x4, 1 988 4 464 92 

Cn, x2, 1 987 8 253 69 

Cn,x2, 1 988 6 21 8 76 

Cn, x4, 1 987 9 1 83 63 

Cn, x4, 1 988 5 1 1 7 6 

Table 2: Mean death times of P wardi (Pw) and C nitida (Cn) . 

For both sets of experiments ( 1 987 and 1 988) the same CTX extract, extract numbe r  1 was 

injected into the fish .  Overal l  for the two years combined the time to death of P wardi was 

significantly longer (1 % level Dunnets t-test) than the time to death of C nitida. Within species 

there was no significant difference between the death times for the h ig h  dose (4 x LD5J5g fish) 

and the low dose (2 x LD5J5g fish) exposures in either year. 

Samples of tissue were taken from the fish exposed to CTX in 1 988 and assessed for 

h istopathological signs. Most tissues examined from P wardi and C nitida displayed some 

pathological changes which are summarised in Table 3. 

Species Tissue 

Liver I ntestine Gil l 

P. wardi 100 (5) 60 (5) 1 00(5) 

C. nitida 100 (7) 1 00 (7) 80 (7) 

Table 3: Percentage of the sections examined that displayed some pathological changes 

for 1988 experiments, figures in parentheses represent the actual number of sections 

examined. 
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Damage to the intestines was restricted to the degeneration of the lamina propria, swel l ing of the 

vil l i  t ips and damage to the brush border. The damage was similar in both species (Figure 2). 

The changes that occurred in the gil l included dilatation of the primary lamel lae and stripping 

away of the su rface epithelium from the secondary lamellae, similar changes occu rred in both 

species (Figure 3) . CTX at both levels of exposure induced sl ight h istopathological changes in 

the livers of both species. The CTX induced changes included margination of nucle i ,  s l ight fatty 

changes  and the loss of glycogen .  

The use of P wardi and C nitida as test species was abandoned after the series of experiments 

reported above because of the occupational risks of exposu re to quinaldine used to col lect these 

fish .  All subsequent studies were performed on D aruanus. Where as P wardi and C nitida were 

exposed to on ly one extract of CTX (extract number 1 ) , D aruanus was exposed to several 

different extracts derived both from toxic fish flesh and cultu red G toxicus. These extracts of 

CTX, extract number 1 ,  extract number 2 and extract number 3 were used on D aruanus as wel l 

as two extracts (green extract and brown extract) derived from cu ltu red G toxicus and provided 

to the OUT by Professor Don Mil ler  of the School of Medicine, Southern l l l inios University, USA. 

A much greater range of doses of CTX and algal toxins was given to D aruanus than to P wardi 

and C nitida. D aruanus experiments were conducted du ring three short field trips to H I RS in 

November 1 988, April 1 989 and November 1 989. A summary of the toxin and contro l injections 

is given in Table 4. 
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Figure 2: 

Figure 3: 

C nitida. Intestine stained with Haematoxyl in and Eosin from a fish g iven 
4 x LD50 / Sg of CTX. Note the d isruption to the lamina propria (Ip, arrow) 
and mucosa (m, arrow). 

P wardi. Gil l  stained with Haematoxylin and Eosin from a fish exposed to 
4 x LD50 /Sg. Note the disruption to the secondary lamel lae and the 
stripping away of the epithel ium (arrows). 
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Toxin Dose (LD50 /5g) Number of fish Number of Deaths 

CTX Extact # 1 0.12 2 0 

II 0.6 2 0 

II 6 8 0 

II 12 6 5 

CTX Extract # 2 0.04 2 0 

II 0.2 2 0 

II 2 6 0 

II 4 6 5 

CTX Extract # 3 2 16 0 

II 4 8 0 

II 8 4 0 

II 

Brown Extract 2 2 0 
II 4 2 0 

II 8 2 2 
II 16 2 2 

G reen Extract 2 2 0 

II 4 2 0 
II 8 2 1 
II 

16 2 2 

Control  6 6 0 

Control Extract 18 18 0 

Saline/Tween vehicle 10 10 0 

Table 4 :  Dose regimen for D aruanus i njected with CTX and G toxicus extracts. 

In the th ree series of experiments of D aruanus only 17 out of 78 experimental fish d ied as a 

result  of injection of high doses of CTX-fish extracts and G toxicus extracts {Table 4) . General ly, 

CTX extracts h?d less _effect on cel l  structure in D aruanus than in P wardi or C nitida. The 

percentage of sections with  observable histopathology is shown in Table 5. 
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Extract Tissue 

Liver I ntestine Gi l l  

Extract # 1 and 2 30 (20) 10 (20) 0 (20) 

Extract # 3 25 (30) 10 (30) 0 (30) 

G. toxicus G reen 70 (10) 10 ( 10) 0 (10) 

G. toxicus Brown 80 (10) 10 (10) 0 (10) 

Table 5: Percentage of the sections examined that displayed some histopathological 

change induced in D.aruanus by CTX and G.toxicus extracts. Figures in parentheses 

represent the actual number of sections examined. 

Sections of both intestine and gil ls showed no pathological damage in  D aruanus when examined 

by l ight and transmission e lectronmicroscopy. None of the CTX-fish extracts or the G toxicus 

extracts p roduced any discernible changes in the structure of the intestine or the gil ls .  Unl ike the 

gil ls and the intestine, histopathological changes were seen in the l iver in D aruanus exposed to 

both CTX from fish and G toxicus toxic fractions. Changes that were apparent include nuclear 

marg ination and sl ight loss of fatty deposits (Figure 4 ) and loss of g lycogen in Diastase-Periodic 

Acid Shifts (PAS) stained sections (Figure 5) . E lectron microscopy stud ies revealed loss of 

glycogen , lyposomal digestion of l ipid d roplets and margination of nuclei (Figu res 6 and 7) . 

A number  of behavioural observations were made on fish injected with CTX-fish extracts and G 

toxicus extracts. Deaths due  to toxin injection only occurred at h igh  dose concentration (Table 

4) . H igher dose levels p roduce discolouration ,  un i lateral fin paralysis on the side of injection ,  

sedentary l isting loss of  equil ibrium and spastic swimming behaviou r. Fish injected with low 

concentrations of toxins o r  given control  extract or sal ine-Tween vehicle showed no abnormal 

behaviou r. 
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Figure 4:  

Figure 5 :  

Liver of  D aruanus stained with Haematoxyl in and Eosin exposed to 12 
x LD50 / Sg of  CTX extract number 2. Slight fatty changes and margination 
of nuclei are apparent (arrows). 

PAS stained l iver of D aruanus exposed to Brown extract from G. toxicus 
at LD50 1 6/Sg.  Control l iver stain bright red as for Melanomacrophages in 
the centre. Loss of staining in l iver tissue indicates loss of glycogen. 
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Figure 6 :  

Figure 7 :  

Electron micrograph of  the l iver of  D aruanus exposed to  4 x LD50 /Sg of 
CTX extract number 3. The section shows a considerable loss of 
g lycogen and oi l  droplets d igested by lysosomes (L) and margination of 
nuclei (N). 

E lectronmicrograph of the l iver of D aruanus exposed to 16 LD50 / Sg of 
G. toxicus Brown extract. Nucleolar margination (arrow) is evident. Lipid 
droplets have been d igested by lysosomes (L) and l ittle g lycogen is 
stained. 
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5.24 Discussion 

Recorded death times in P wardi and C nitida indicate that these fish are susceptible to CTX but 

at leve ls  in excess of the levels that cause death in mice . In terms of death times CTX was 

s ign ificantly more lethal to the planktivorous C nitida than it was to the algal browser C nitida. 

These resu l ts are in accordance with those of Capra et al ( 1 988) who suggested that feeding 

mode may confer varying degrees of resistance to CTX. Fish that feed in a niche in which they 

are exposed to the elaborators of CTX as is the case with P wardi may have evolved 

mechanisms of resistance that are more developed than in fish that are not exposed to G. toxicus 

as is  the case with the planktivore C nitida. 

D aruanus is a planktivore with similar feeding habits to C nitida and as such it might  be expected 

to be similar in its tolerance to CTX and G . toxicus extracts . This was not the case and D aruanus 

was able to withstand greater  levels of toxin than P wardi. This resu l t  was surprising and may 

reflect d ifferences in the CTX extracts or a biological difference in the response of each species 

to toxins .  No experimentation was possible to resolve the possible reasons for these observed 

differences. As noted above we were forced to d iscontinu e  the use of P wardi and C nitida as 

test species because of potential harm to researchers from the col lection method using 

qu inaldine. The histological/histopathological studies performed on the th ree species are 

discussed below. 

To gain an appreciation of how toxins might effect h umans a number of mammalian models 

have been used.  The pri ncipal model used is the mouse , a l though rats and other mammalian 

models have also been used.  In th is study the actions of CTX were assessed on fish tissues 

in the hope of gaining some insight  into how this toxin acts on human tissues . In both fish and 

humans the normal rou te of ingestion of ciguatera toxins wou ld be via the intestine fol lowing 

consumption of toxic fish o r  in the case of fish ,  toxic algae or toxic fish .  

Previous studies on the effects of  ciguatera toxins on fish include feeding experiments (Davin 

et al . ,  1 986; Helfrich and Banner, 1 963) , and electrophysio logical studies (Capra et al . ,  1 988; 

Flowers et al . ,  1 987; Flowers, 1 989) . Helfrich and Banner ( 1 963) fed toxic flesh to surgeon fish ,  

the fish absorbed and he ld  the toxin ,  however showed no signs of  pathology. Whereas Davin 

et al ( 1 986) fed G. toxicus extracts to the bluehead, with numerous pathological and behavioural 

signs. These included behaviou ral changes whilst feeding and swimming , loss of equilib rium and 
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inactivity. Similar signs of intoxication were also noted in fish injected with the toxic extracts in 

this study and the study of Capra et al . ,  ( 1 988) . I n  both the studies of Davin et al . ,  ( 1 986) and 

Capra et a l . ,  ( 1 988) the response to the toxic extracts was dose dependent. 

There have been several reported studies on the effects of ciguatera toxins and other similar 

marine toxins on mammals,  primarily mice and rats . Banner et al . ,  ( 1 961 ) quoted a 

neuropathologist who stated that no pathology was observed in two mongeese maintained on 

ciguateric fish for over a month . Terao and h is co workers (Teare et al . ,  1 986;  Terao et al . ,  1 988; 

Terao et a l . ,  1 989a; Terao et al . ,  1 989b) have studied the effects of several marine toxins, 

including d inophysistoxin 1 ,  pectenotoxin 1 ,  goniodomina and maitotoxin , on  m ice and rats. Al l  

toxins produced pathology in the tissues examine. Maitotoxin, a toxin implicated in the ciguatera 

syndrome ,  cause atrophy of lymphoid tissues,  a reduction of lymphocytes in circulating blood, 

reduced immunoglobu l in M in serum and calcium increase in adrenal g lands of mice (Terao et 

a l . ,  1 989b) , and severe pathological changes in the heart and stomach tissues (Terao et al . ,  

1 988) . 

Coombe et a l . ,  ( 1 987) examined the effect on mouse intestine of ciguatera toxin . Mice were 

injected ip with several doses of the toxin and all showed typical signs of intoxication.  

Pathological changes observed were, expansion of the lamina propria within the tips of the vil l i ,  

nuclear degeneration and stripping of the brush border of the small intestine and extrusion of 

epithelial cells into the l umen of the large intestine. 

Hassan ( 1 990) examined, at both the l ight and electron microscope level ,  the effects of an algal 

derived maitotoxin on l iver and brain cel ls  of chick embryos. At the l ight microscope level 

necrosis of the l iver cel ls was evident. Haemorrhaging was also described in both the l iver and 

b rain . These changes were dose dependant. At the u ltrastructural level a h igh amount of 

ce l l u lar  disruption was o bserved in both the l iver and brain cel ls, which was again dose 

dependant .  

The toxins used in the current study also produced intestinal pathology in mice (Coombe et a l . ,  

1 987) . Similar pathological changes were noted in the intestine of the fish (Capra et a l . ,  1 988) . 

Simi lar changes to those in observed mice by Coombe et al . ,  ( 1 987) occu rred in P. wardi and C 

nitrida. I n  C nitida changes in the intestine occurred in all sections examined whereas in P wardi 

only 60% showed pathology. However D aruanus displayed only very few pathological changes 

in the sections examined . 
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The h istopathology of the gil l  tissues was difficult  to assess due to the del icacy of the tissue.  

Capra et al . ,  ( 1 988) reported pathological changes in the gil ls of P wardi and C nitida. Similar 

patterns of histological damage were seen in the cu rrent study in which the gil ls  of P wardi and 

C nitida were effected by the toxic extracts with 1 00% and 80%, respectively, of the sections 

examined d isplaying some pathological changes. However in D aruanus there were no signs 

of pathological change. 

The histopathological observations in the l iver were simi lar to those observed by Hassan ( 1 990) 

in the l iver of chick embryos. In chick embryo l ivers the tissue damage from the algal toxin 

included necrosis of the hepatocytes,  haemorrhaging of the tissue and loss of architecture of the 

hepatocytes .  In the fish l ivers damage included necrosis of the hepatocytes.  The most 

noticeable change was the loss of g lycogen in the l iver, evident in both the l ight and e lectron 

microscope sections.  This may have been due to metabol ic distu rbances du ring intoxication .  

Complete loss of  glycogen was also noted in  the l iver of  mice treated with the toxin from 

Oscillatoria agardhii (Meriluoto et al . ,  1 989) . In some of the electron microscope sections 

nucleolar margination was evident. Nucleolar margination is an indication of protein synthesis 

with the cel l  (Ghadial ly, 1 985) . Capra et al . ,  ( 1 988) postu lated that when fish ingest ciguatera 

toxins they sequest or partition it in such a way so that it is not harmful to target tissues within the 

carrier animal .  Any such partitioning mechanism wil l probably involve some protein binding 

mechanism (Section 5.4). The n ucleolar margination would support an increase in protein 

production associated with the presence of toxin . 

Fat degeneration which was also evident in the l ight microscope sections ,  was more obvious in 

the electron microscope sections. Such fat degeneration may result  from impaired metabolism 

of l ip ids (Wheater et al . ,  1 985) . The fat degeneration evident in the l iver may have been due to 

the metabol ism of the extra load of l ipid products introduced into the animal .  As the toxin is very 

l ipid soluble (Tachibana, 1 980) the l iver wil l be a primary target of metabolism of the extract and 

therefore the toxin may exert its effects on this t issue before other tissues. 

The algal toxic extracts donated by Professor Miller  when injected into the f ish produced only 

s l ight changes in the tissues examined and these changes were restricted to the l iver. Other 

a lgal , non-ciguatera, toxins exami ned h istopathological ly (Berg et al . ,  1 988;  Dabholdar and 

Carmichael ,  1 987; Meriluoto et al . ,  1 989) , have induced similar changes in mouse l ivers as were 

observed in the fish l ivers .  Changes included complete loss of glycogen (Meri luoto et al . ,  1 989) 

and necrosis of the l iver cel ls (Berg et al . ,  1 988) . Unrelated toxins including snake venoms have 
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also produced similar h istopathology in mice (Chaves et al . ,  1 989) with necrosis of the l iver 

hepatocytes.  

5.3 Toxicological Studies in  Fish 

5.31 Introduction 

In the p revious section (5 .2) , it was established that injection of CTX and G. toxicus extracts 

causes death in small pomacentrid fish .  Death times vary between species and may be related 

to the possible exposure of certain species to the d inoflagel late elaborator of the precursors to 

CTX. I njection of CTX or  G. toxicus extracts intraperitoneally into fish may not mimic the route 

of uptake of toxins by fish in natu re. A series of experiments was devised in which CTX and algal 

toxins were fed to a small tropical carnivorous  fish ,  the stripey, Lutjanus carponotatus. These 

fish were examined for signs of intoxication and tissues from the fed f ish were assessed for the 

presence of toxin . 

5.32 Methods 

Lutjanus carponotatus were chosen for this study based on availabi l ity, size, appetite and ease 

of handl ing .  Approximately 40 specimens were fished from Heron Is land Reef using debarbed 

No. 6 fish hooks on handl ines baited with frozen pi lchard .  Captured fish were held in plastic bins 

containing seawater on board the boat. At the Heron Is land Research Station the f ish were 

transferred to a large cement pool ( 5 m x 5 m x 1 m) that was continuously replenished with raw 

seawater to a depth of 80 cm at a flow rate of 60 Umin .  Prior to fu rther hand l ing ,  f ish were 

observed for a m inimum 7 day accl imation period without food . The pool was bisected with wire 

mesh ; control L. carponotatus were al lowed to swim freely on one side with various other  reef 

f ish specimens while the other s ide was partitioned into 1 5  numbered individual nylon mesh 

enclosu res.  Fifteen fish were selected at random from 40 captive specimens, weighed to the 

nearest gram and placed in the ind ividual enclosures for a further 24 h prior to experimentation.  

Extracted CTX of fish orig in , g reen toxin extracted from cultu red G. toxicus cel ls and lyophol ised 

cultu red G. toxicus cel l s  suppl ied by Prof Donald M i l ler were admin istered orally to test f ish 

during a 7 day time cou rse. Toxicity of lyopholised G. toxicus cel ls was estimated to be between 
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5 .4  and 6.3 mu/mg (Mil ler pers . comm. ) .  A mouse unit is defined as the quantity of toxin 

req uired to ki l l  a 20g mouse. 

Each of the three toxins was administered orally to four  L. carponotatus . I nd ividual  doses were 

p laced in two No. 4 water-soluble capsu les with 350 µl  of absolute ethanol 5% Tween 80 and 

agar powder as a vehicle. Fish were administered three doses of toxin e i ther by vol untary 

feeding or force-feeding at 48 h intervals. Five minutes prior to feeding times, 5 m l  of pilchard 

body f luid was added to the holding pond. Free-swimming controls and experimentals were then 

fed a few pieces of pi lchard to assess receptiveness to baits . I f  experimental subjects were 

receptive, both capsu les containing the specified dose were p laced in a pilchard bait and put into 

the appropriate enclosu re. I f  the bait was not consumed within 1 min, the capsu les were 

retrieved and the subject fish was force-fed. Fish initial ly u nreceptive to bait were force-fed by 

b riefly removing the subject fish from the water and injecting the capsules, 4 m l  pilchard paste 

and 7 ml isotonic saline into the foregut with a syringe and modified pediatric enema tube 

attachment. After feeding ,  fish were observed continuously for 1 h for signs of regu rgitation .  

Experimental controls consisted of  fish al lowed to feed vol untarily on baits and fish consistently 

force-fed pilchard paste containing water-soluble No. 4 capsu les and vehicle. Al l  fish were 

observed at regu lar intervals for signs of behavioural and phys iological change. Fish were 

sacrificed at the end of the 7 day time course. Samples of b lood (stabil ised in heparin and 

separated into plasma and whole cel l  fractions by centrifugation) , skeletal muscle,  l iver, sp leen ,  

ga l l  bladder, gu t  tissue and  intestinal tissue were promptly removed, frozen under  l i qu id  N2 and  

stored a t  -60°C for biochemical examination. Fish carcasses were frozen and  stored i n  

conventional -20°C freezers unti l their skeletal muscle cou ld  be extracted and  assessed for 

toxicity. For this series of experiments the amount of toxin fed to fish was expressed as a Fish 

unit (fu ) .  The tu is derived from the mouse un it which is defined as the amount of toxin req u i red 

to kil l a 20 g mouse. The fu is defined as 25% of a mouse un it .  

5.33 Results 

L. carponotatus ( n = 4) fed three administrations of CTX (2 f . u . )  over a 7 day period showed 

s igns of sedentary l i sting ,  d iscolou ration ,  spastic swimming behaviour and tail kink  after the 

second dose.  Signs increased after the th i rd appl ication ,  although s l ight  improvement was 

observed at the end of the 7 day trial period prior to preparation for b iochemical evaluation .  L. 

carponotatus fed g reen toxin (n = 4) and lyopholised G. toxicus (n = 4) total l ing 1 5  f .u . and 1 0.5 
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f . u .  respectively, over the trial period , showed no observable physio logical or behavioural 

changes du ring the 7 day observation period . Experimental contro l  fish (n = 3) were unaffected 

by treatment. (Table 6) 

Dosage (f.u .) at time t (hrs) 

Treatment Fish ID Wt (g) t=O t=48 t=96 

CTX 1 1 72 2 2 2 
2 1 38 2 2a 2 
3 295 2 2* 2 
4 242 2 2 2 

G reen s 314 s s s 
6 306 s s s 
7 3SS s s s 
8 3S6 Sa Sa Sa 

G. toxicus 9 31 8 1 .S 1.S 7.S 
10 206 1 .S 1.S 7.S 
11 204 1 .S 3 6 
12 241 1.S 3 6 

Control 13 269 
14 236 
1S 320 _a _a -a 

* regurg itated, dose unsalvagable, reapplied the fol lowing day 

_ = fed bait containing capsule and vehicle only 

a = accepted bait without force-feeding 

s l  = sedentary l isti ng 

de = discolou ration/darkened chromatophores 

ssb - spastic swimming behaviour 

tk - tai l kink  

Signs 

s l ,  de, ssb,  tk 

Table 6 :  L. carponotatus oral toxin administration experiment protocol 

Residues derived from 60 g samples of skeletal muscle from each fish were prepared ind ividual ly 

for each admin istration group. Results from residues of one fish selected at random from each 

group, were negative. Remaining residues were pooled accord ing to adm in istration group and 

tested in a sing le mouse. Pooled residues from CTX-fed fish (1 .4 mg, derived from 1 20 g 

skeletal muscle) resu lted in a lethal dose estimated at 1 .4 mu or  0 .0 1 2 mu per g ram of skeletal 

muscle. The total number of mouse units fed to these fish was 204 m u  or 0 .3 mu/g fish  body 

weight. L. carponotatus accumulated at least 1 /25 of the CTX they were fed in their skeletal 

muscle; possib le toxin loss during extraction may have led to an u nderestimation of toxin 

accu mu lation .  Pooled residues from fish fed Green toxin and lyophol ised G. toxicus at 
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approximately twice the total dose used in CTX-fed fish did not affect m ice during  the 24 h 

bioassay observation period. 

Toxicity Calculations 

Toxicity calculations for pooled residues derived from CTX-fed fish :  

Log,0X = Log,062.5 - 2(Log,0[ 1 + 9.4·1]) where X = 51 .6 mg/kg 

51 .6 mg/kg x 1 kg/50 mice = 1 .02 mg/mouse LD50 or 1 .02 mg/mu 

1 .4 mg l ipid residue/1 .02 mg/mu 1 .4 mu from 1 20 g skeletal muscle 

5.34 Discussion 

Feed ing  trials in L. carponotatus (stripey) provide comparison of the effects of CTX and G. 

toxicus toxin(s) that previous studies involving ciguatera-related toxins have not described . While 

Banner et a l . ,  ( 1 966) showed accumulation and retention of CTX in fish fed toxic fish flesh , it was 

p urely a qualitative study. Feeding and subsequent extraction and quantification of CTX in L. 

carponotatus defined approximate oral effective dosages and rates of incorporation in ske letal 

muscle.  Although G OT-derived toxins affected fish injected i.p . ,  feed ing experiments in L. 

carponotatus indicated that the potency of G OT is at least half that of CTX, a finding not 

d iscussed by Davin et a l . ,  ( 1 986, 1 988) . L. carponotatus is also apparently u nable to 

bioaccumulate or bioconvert GOT under these experimental conditions in quantities sufficient for 

detection in the mouse bioassay. Further toxicological studies focusing on pri mary consumer 

g ro ups impl icated as elaborators on the basis of  diet and d igestive strategy, and feeding 

experiments with animals such as the browsing mol lusc,  Apylypsia and browsing gastropods 

from reefal systems designed to elucidate specific l inks between toxins from G toxicus and CTX 

elaborate should clarify the "missing l ink" associated with ciguatera poisoning (Hah n ,  1 99 1  ) .  

FRDC Report Grants 871058 and 881029 M F  Capra 28 



Ciguatera Poisoning 

5.4 Biochemical Studies on Fish 

5.41 Introduction 

CTX-protein associations in vitro have been described in the context of immunological studies 

(Pare et al . ,  1 979; Emerson et al . ,  1 983) and in cytoplasmic protein from fractionated l iver cel ls 

of th ree marine teleosts (Vernoux et al . ,  1 985) . I n  view of demonstrated effects of CTX on 

marine animals, the widespread occurrence of  CTX in  the marine biota suggests that a CTX

neutra l isation mechanism may exist in carrier species. Although a large proportion of toxin is 

associated with the l iver and digestive tract of toxic fish , CTX is not restricted to these tissues 

(Tosteson et al . ,  1 988;  Vernoux et al . ,  1 985) . The fol lowing experiments were desig ned to 

explore specific CTX-protein associations in skeletal muscle of Scomberomorus commersoni 

(Spanish  mackerel) , a species often associated with outbreaks of ciguatera poison ing .  

5.42 Methods 

5.42.1  Specimens 

Toxic (n = 2) and nontoxic (n = 1 0) specimens of S. commersoni were col lected at var ious 

coastal locations between Bundaberg and Brisbane, Queensland . Toxic specimens originated 

from Hervey Bay. Toxic S. commersoni skeletal muscle samples (designated 'Turney' and ' Roy' 

after the individuals who provided the fish) contained approximately 1 LD50 dose equivalent per 

8 and 1 3  g tissue respectively, determined by the CTX dose versus death-time curve (Tachibana, 

1 980).  

Fresh-frozen 400 g fillets from each of nine nontoxic specimens were purchased from a Brisbane 

seafood d istributor. Species identification and length and weight measu rements of gutted ,  

h eaded carcasses were taken prior to filleting (lengths: 7 40-940 m m ;  weights: 4 .6- 1 0 .9  kg) . 

Remain ing portions of these fish were sold and consumed without incident. 

Potentia l  d ifferences between control  and toxic fish samples, attributed to freezer storage 

characteristics of the flesh, were anticipated . A nontoxic specimen of S. commersoni fished from 

Hervey Bay in 1 986 was stored at -20°C pr ior  to use as a control in these experiments (length 

1 900 mm ;  weight >35 kg) . Liveweight and sex of f ish were not available to this study. 
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5.42.2 S. commersoni skeletal m uscle preparations 

All  p rotein separation  steps were performed between O and 4°C i n  aqueous buffer cons isting of 

0 .05 M Tris (Hydroxymethyl)-aminomethane-HCI , 0 . 1 M KCI , 0 .5  mM EDTA 

(ethylenediaminetetraacetic ac id) adjusted to p H  7 . 4  (Figure 8).  Equal qu antities of toxin entered 

the homogenate i r respective of the total weight of sample tissue (Turney [8 g/mu = 1 28 g ;  Roy 

[ 1 3 g/mu] = 208 g ;  control = 208 g ) .  Samples were homogenised separately i n  3: 1 volume 

(ml) :weight (g )  extraction buffer us ing a g l a s s  and  sta in less steel Wari n g  tissue homogeniser 

on h igh for 60 sec. The crude homogenate, in po lycarbonate centr ifuge tubes , was spun  i n  a 

GSA rotor at 1 O OOO rpm ( 1  O 240 x g) for 30 min  i n  a Sorvall Superspeed centrifuge.  The pellet 

was then rehomogenised (3: 1 v/w) and recentrifuged .  Remain ing i nso lub le  material was stored 

at -20°C.  Pooled supern atant (total so lub le protein ,  Supernatant 1 )  was brought to 30% 

(NH4)2S04 saturat ion by addition of solid (N H4)2S04 crysta ls .  Resu l ti ng  p recipitate was removed 

by centrifugation at 1 0  OOO rpm ( 1 0 240 x g) for 1 5  min .  The pel let was stored at -20°C.  

Supernatant 2 was brought to 60% (NH4)2S04 by addi tion of (NH4)2S04 crysta ls  and centr ifuged 

at 1 0  OOO rpm ( 1 0 240 x g) for 1 5  m i n  to remove resu lt ing p recip i tate . This second pel let and 

remain ing  supernatant  (Supernatant 3) were stored at -20°C prior to toxicity testing .  

Supernatants 1 ,  2 and  3 fo r  each sample were subsampled for late r  p rote in  determi natio n  and 

e lectrophoretic analysis .  I nsol ub le  mate ria l , pe l lets 1 and 2,  and supernatant 3 were extracted 

and assessed for CTX. 

5 .42.3 Gel permeation LPLC of s keletal m u scle soluble p rote i n  and CTX 

There was insuffic ient Turney f lesh for low pressu re l iqu id  chromatography (LPLC) study.  Roy 

skeletal muscle was homogen ised , fract ionated by (NH4)2S04 and chromatographed on 

Sephacryl S-200 (Pharmacia) to  determine the size of p rote in(s)  associated with toxin .  Samples 

were homogen ised as described above , except that in one exper iment fresh 0 .2  mM 

phenylmethylsu lfonyl f luoride (PMSF) was i ncluded in the bu ffers as a p rotease i nhib itor (Moss 

and Fahrney, 1 978) . Aliquots of f ract ions from PMSF-conta in ing homogenates were retained 

for comparison with equ ivalent material obtained by the usual p rocedure or by centri fugation  

with a Beckman h igh  speed centrifuge us ing a JA 20 rotor at 1 6  OOO rpm (20 070 x g) for 1 h or 

a JA 1 8  rotor  at 1 5  OOO rpm (24 700 x g) for 3 h .  To fractionate the resu lt i ng  supernatant, a 0-

50% (NH4)2S04 cut was chosen o n  the basis  of SOS Disc-PAGE patterns and the d istribut ion of 

assessable toxi n i n  p revious 0-30% and 30-60% (NH4)2S04 cuts . 
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assessable toxi n i n  previous 0-30% and 30-60% (N H4}2S04 cuts . 

I n  one experiment, d ialysed and clarified material from the 0-50% (N H4)2SQ4 cut was 

concentrated approximately eight-fold using a sti rred Amicon Diaflo (model 402) u ltrafi ltration cel l ,  

fitted with a PM 1 0  membrane and operated at 85 ps i  (high pu rity N2 gas) at  4°C for approximately 

59 h .  As the solut ion was concentrati n g ,  material precipitated and accu m u lated on the 

membrane, reducing flow. W hen this occu rred, the contents of the cel l  were clarified [Sorval l  SS-

34 roto r at 1 5  OOO rpm (20 580 x g) for 1 h] in order to improve flow th ro u g h  the membrane. 

Materials accu mulated on the membrane and precipitated d u ring  u ltrafi ltrat ion were combi ned 

with inso lub le  materials from the resuspended 0-50% (N H4}2S04 pel let fo r toxicity assessment. 

Figure 8. 

Ske l etal  M u sc le  

homogenised i n  e xtract ion buffer (3 : 1  v/w), centrifuged 
( 1 0  240 x g ,  30 min) x 2 

I nsol u b l e  M ateri a l  

Pool ed S u pern atant 1 

brought to 30% ammoni u m  su lphate satu rat ion a n d  
centrifuged ( 1  O 240 x g ,  1 5  m i n )  

0 - 3 0 %  P e l l et 1 

S u p ernatant  2 
. 

brought to 60% ammon i u m  su lphate satu ration a n d  
centrifuged ( 1  O 240 x g ,  1 5  m i n )  

30-60 %  P e l l et 2 

S u pernatant  3 

Skeletal m uscle protein (NH4)2SQ4 precipitation purification method 

An LKB LPLC column (2 . 6  cm x 1 00 cm) was packed with Sephacryl S-200 i n  extraction buffer 

at a flow rate of 1 00 m Uh at 4 °c . The col umn was equ i l ibrated at the same flow rate overn ight 

us ing e ither standard extraction buffer or extraction buffer contai n i n g  P M S F  (0 .2 mM).  

Approxi mately 20 m l  a l iquots of samples were ch romatographed at  80- 1 00 m Uh and e luate, 
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col lected as 4 ml fractions , was mon itored at 280 nm with a Uvicord UV detector and s ing le  

channel chart recorde r  or a Bio-Rad EM-1  UV monitor and chart recorder  (model 1 325) . Peak 

fraction absorbances were confi rmed with a lKB MS222 spectrophotometer, and correspond ing 

fractions from severa l  appl ications of one sample were combined for e lectrophoretic analys is and 

toxicity assessment. 

Molecular weight estimates of fractions were made from a standard g raph of the rat io of e l ut ion 

volume to void volume (VjV0) versus log1 0  (molecu lar weight) p repared from chromatography of 

blue dextran (Pharmacia, 2 x 1 06 Daltons) , bovine serum a lbumin  (Sigma Fraction  V, 68 500 

Daltons) , trypsinogen (Sigma, 24 OOO Daltons) ,  cytochrome C (Sigma, 1 2  400 Daltons) and 

n icotinamide aden ine d inucleotide (S igma,  NAO+ ,  663 Daltons) . 

Column profi les were d ivided in to zones based on  the amount  of toxin loaded onto the col umn ,  

the number o f  peaks e l uted , and  the assumption that, g iven  non-specif ic p rote i n  association ,  

CTX wou ld  be  un iformly d istributed th roughout the  p rofi le .  Al l  fractions with i n  a zone were 

pooled,  extracted with solvent and assessed for toxicity. This strategy was necessa ry to reduce 

the n umber of mouse b ioassays and to ens u re that an assessabl e  amount of toxin cou ld  be  

obtained from the fractions .  Peaks e luted from colu m n  1 i n  zone 2b were separated i nto three 

subzones - 2b(2) , 2b (3) and 2b(4) - el uted f rom column  2 (F igu re 9) . 

5.42.4 P rotein concentrat ion dete rm i n at ions 

Prote in  concentrations  were mon itored at var ious steps u ti l i s i ng  the Bio-Rad P rote in  Assay Kit 

(Coomassie Blue G-250 method) .  Unknown p rote in  concentrat ions were calcu lated from mean 

(n = 2) absorbances at 595 nm on a P harmacia Novaspec I I  d igital spectrophotometer us ing  a 

standard curve prepared with bovine serum a lbum i n .  

5.42.5 Electrophoresis o f  S .  commersoni soluble proteins 

Solub le p rote ins were sampled at various  p u rif ication  steps. Where necessary ,  samples were 

d ia lysed against extract ion buffer at 4°C pr ior to p rotei n  concentration determi nation .  Total 

prote in  estimates for each purification step were back-calcul ated by the formu la:  

(mg prote in/ml solut ion) (ml solution)  = (mg p rote in )  
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5.42.6 Cel l ulose acetate electrophoresis 

Electrophoretic separations of  non-denatu red soluble proteins were carried out us ing Helena Zip 

Zone Serum P rote i n  (Titan I l l  Serum Prote in and Lipoprote in)  cel l u lose acetate strips in  Tris 

EDT A-boric acid buffer ( ionic strength 0 .025, pH = 8 .2-8 .&) ,  or Tris-barbital-sod ium barbital buffer 

( ionic strength 0 .05,  pH = 8.6-9 .0) . P rotein solutions (2-8 µL) were loaded onto cel l u lose acetate 

strips and electrophoresed at 1 80 volts (6 mA per strip) for 1 5-30 min .  Proteins were stained with 

0 .2% Ponceau S in 3% trichloroacetic acid and 0 .2% Coomassie B lue G-250, and desta ined in  

methanol :acetic acid :water (2 : 1  :7 v/v) . 

5.42.7 Polyacrylamide gel electrophoresis 

SOS D isc-PAG E was performed accordi ng to the method of Laemml i  ( 1 970) . B io-Rad M in i 

P rotean I I  vertical s lab gel  apparatus were used to separate reduced skeletal m uscle so l ub le 

p rote ins (6% stacking  gels and 1 2% resolving gels) at 1 20 V (constant voltage) and i nit ial current 

of 6 mA per gel. Approximately 4 µg of total p rote in  was loaded i nto each lane. P rote in  bands 

were stained with 0 .2% Coomassie B lue G-250, destained i n  methanol :acetic acid :water (2 : 1  :7 

v/v) and photographed on Polaroid black and white fi lm .  Prestained molecular weight standards 

(Bio-Rad Lab) used were: phosphorylase B ( 1 06 OOO Daltons) , bovine serum album in  (80 OOO 

Daltons) , ovalbum in  (49 500 Daltons) , carbonic anhydrase (32 500 Daltons) ,  soybean tryps in 

i nh ibi to r  (27 500 Daltons) and lysozyme ( 1 8 500 Daltons) . 
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Zones 1 ,  2 and 3, and corresponding subzones, represent pooled column e lut ion fractions assessed for toxicity. 

Figure 9. Representative Sephacryl S-200 column chromatographs of resolubi l ised 0-50% 
(NH4)2S04 precipitates for column 1 (soluble protein derived from 208 g skeletal 
muscle with standard extraction buffer) and column 2 (soluble protein derived 
from 624 g skeletal m uscle with 0.2 mM PMSF extraction buffer) 
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5.43 Results 

The ' i nsoluble material '  pel lets of ske letal muscle homogenate contained 56-72% of total 

assessable toxicity (Table 7) . Remain ing toxicity was precipitated from the supernatant between 

O and 60% (NH4)2S04 saturation .  Roy and Turney supernatants y ie lded 3 1 1 9  mg and 2224 m g  

p rote in  respective ly, in  this cut. These p recip i tates contained 6 .6% a n d  7 .7% o f  total starting  

p rote i n ,  and 44% and 28% of  total sample toxicity .  Control residues d id  not  affect m ice i n  the 

b ioassay. 

Source 

Roy (208 g) 

Turney ( 1 28 g) 

Toxin content of: 

U nfractionated 
Skeletal Muscle (mu) 

1 6.6 

1 5.2 

Insoluble Material  
(%) 

56 

72.4  

Supernatant 

(%) 

44 

27.6 

Values for % toxicity are derived from the mean toxicity calcu lated for at  least two mouse bioassay resu lts .  

Table 7:  D istribution of CTX i n  S. commersoni fractionated skeletal muscle 

Pooled e l uates from the columns ,  rep resented by zones 1 and 3 i n  F ig u re 9 ,  were nontoxic. 

Zone 2b (bracketed by V jV 0 values 1 . 1 07- 1 .392) contained al l  assessable toxicity eluted f ro m  

the column dur ing the fi rst exper iment.  Zone 2 b  consisted o f  three d istinct absorbance peaks. 

Zone 2b(3) contained al l assessab le  toxicity e luted from the col u m n  du ri ng  the second 

experiment. Res idues derived from zones 2b and 2b(3) e l icited strong s igns of in toxicatio n ,  

although m ice d i d  not d ie  with i n  the 2 4  h observation  period .  

Roy and Turney samples exhibited s im i la r  i ncreases in  specific activity (Table 8 ) .  Although there 

was a loss of tox in between 'f lesh' and 'h igh  speed supernatant' , specific activity increased by 

an o rder of magnitude for both fish .  Sephacryl S-200 chromatography of resuspended , clar if ied 

0-50% (NH4)2S04 precipitate resulted in fu rther i ncreased specific activity and an overal l  1 1 .2 fo ld 

pu rification .  Approximately 36% of total assessable toxicity was associated with inso lub le 

mater ial  i n  the clarif ication pel let . V jV 0 values defined by zone 2b b racket protei n  m olecu lar  

weights between 25 300 and 70 500 Daltons (F igure 1 0) .  Toxicity remain ing  i n  the reso lub i l ised 

0-50% (NH4)2S04 cut e luted from the col umn  i n  zone 2b(3) . VeN0 values defined by zone  2b(3) 

b racket prote in molecu lar  weights between 35 500 and 59 500 Daltons (F igure 1 1  ) . 
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Figure 10: Molecular weight marker standards curve for column 1 
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Figure 1 1 : Molecular weight marker standards curve for column 2 
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Source Fraction 

Tu rney f lesh 

( 1 28 g) 
h igh speed 

supernatant 

0-60% pel let 

Roy f lesh 

(208 g) 
h igh speed 

supe rnatant 

0-60% pel let 

resolub i l ised 

0-50% 

(NHJ2S04 

c larificat ion 

pel let 

Sephacryl S-

200 e luate 

(zone 2b) 

Roy f lesh 

(624 g) 
zone 2b(3) 

Sp. Act. = Specific Activity 

Tot. Act. = Total Activity 

Protein 

(mg) 

28 928* 

3499 

2224 

47 008* 

6976 

3 1 1 9  

2038 

647 

86 784* 

Sp . Act. Tot. Act. % Yield Fold Purification 

(mu/mg) (mu) 

5.25 x 1 0·4 1 5 .2  1 00 

1 .20 x 1 0·3 4 .2 28 2 .3 

1 .89 x 1 0·3 4 .2 28 3 .6  

3 .53 x 1 0·4 1 6 .6 1 00 

1 .05 x 1 0·3 7 . 3  44 3 

2 .34 x 1 0·3 7 .3  44 6 .6  

2 .06 x 1 0·3 4.2 25 5.8 

3 .74 x 1 0·3 �2 .4 1 4  1 1 .2 

sot 1 00 

� 2  4 

* Total protei n  estimates for  skeletal muscle were based on New South Wales Fish Market ing Authority 

(1 989) p rotei n  dete rminat ion for skeletal muscle of S l imy Mackerel (22 . 1  %) by weight .  

t expected value 

Table 8:  Purificat ion of CTX-prote i n  fraction from S.commersoni skeletal m u scle 

FRDC Report Grants 871058 and 881029 M F  Capra 7J7 



I 
I 
I 

Ciguatera Poisoning 

Non-denaturing  e lectrophoresis (Figu re 1 2) revealed a protein  band which appeared more 

stro ngly in  Turney and Roy lanes than in  control lanes. The band was absent in  the lane for 

frozen control f ish .  SOS Disc-PAGE analyses of soluble protein fractions revealed un ique bands 

[b and c in  F igure 1 3  (A)] in  Tu rney (T) , Roy (R) and the zone 2b e luate (Z) from Sephacryl S-

200; these bands were not vis ib le in the controls (o) .  Sim i lar analyses of s ubzones in  zone  2b 

showed the presence of a prominent band [d in Figure 1 3  (B)] in  zone 2b(3) ( lane 3) which also 

was visible faintly in  zone 2b(4) ( lane 4) . I t  was not vis ib le in control total so l ub le p rote in  ( lane 

8) ,  zone 2a eluate ( lane a) or zone 2b(2) e luate ( lane 2) . The Rf values for bands b and d a re 

equa l  (0.64) .  The migration d istances of bands b ,  c and d correspond with molecu lar  weight  

standards migration for  prote ins between 37 400 and 40 600 Daltons .  Mo lecu lar weight  range 

was derived g raphical ly (Fi gu re 1 4) .  
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T = Turney total soluble protein  

R = Roy total soluble protein 

0 a 

D D 

C = control freezer fish total soluble protein 

= control S. commersoni total soluble protein 

� 

� 

a · T · R 

D ,_T R 

a = bands which appear more strongly in lanes T and R 

,.:_._ 

-
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Figure 12 : Representative Helena cel lu lose acetate electrophoresis Titan I l l  (A) and Lipo 
(8) strips 
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A 

er o-:- "tJ . · · o ·o o o o J1'"· 1fTm 

B 

rn 

T = Turney total soluble protein 
R = Roy total soluble protein 
Z = zone 2b 
m = molecular weight markers 

11· x. x .. s= 1r a Y T 4 

= control S. commersoni total soluble protein 
s = resolubilised 0-50% (NH4),S04 precipitate post clarification 
8 = control total soluble protein 
a =  zone 2a 
2 = zone 2b[2l 
3 = zone 2b 3 
4 = zone 2b 4 
e = zone 2c 
x = Amicon filter precipitate 
b, c and d = bands unique to proteins derived from toxic fish 

e 

Figure 1 3 : SOS Disc-PAGE gels of S. commersoni soluble protein fractions 
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Figure 1 4: Molecular weight marker standards curve for SOS Disc-PAGE gels 

5.44 Discussion 

Stud ies of toxin distribution in  fractionated l iver cel ls of Gymnothorax funebris and Serio/a 

dumerili (Vernoux et al . 1 985) showed larger proportions of toxin in the supernatant than those 

observed for fractionated ske letal muscle of S. commersoni. A large percentage of toxin was 

nevertheless associated with soluble protein(s) derived from tissue homogenates in both cases . 

Relative toxin concentration  d ifferences associated with l iver and skeletal muscle soluble proteins 

may be due to tissue toxin concentration differences (Vernoux and Talha 1 989) . If serum protein 

b inds CTX, blood-rich organs such as l iver and spleen would be expected to contain h igher 

levels of  toxin than other tissues. Subcel lu lar toxin d istribution studies suggest that CTX in these 

three marine carnivores is closely associated with (N H4)2S04 precipitable sol uble prote in(s) . 

Viscera from toxic S. commersoni was not avai lable for d i rect comparison .  Toxin yield and 

specific activity d ifferences between Turney and Roy solub le protein fractions may be attributed 

to ind ividual  sample toxicity (Turney was 1 . 6 times more toxic than Roy) and cond it ion of the 

frozen samples (Tu rney, twice the freezer age of Roy, was subjected to frequent part ial thawing 

and refreezing) . 

CTX eluted from Sephacryl S-200 with a protein fraction between 35 500 and 59 500 Daltons.  

Based on suggested structu res and molecular weight estimates (Tachibana, 1 980; Murata et al . ,  

1 989b) for CTX, the toxin alone wou ld be expected to elute much later from the column.  Toxicity 
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derived from zones 2b and 2b(3) impl icated specific soluble protein-toxin associations ,  although 

l ipoph i l i c  i nteraction  between ciguatoxin and m icel les ,  known to e lute i n  th is molecu lar  weight 

range, cou ld  account for occurrence of toxin withi n  this protein fraction . The toxicity of the in i tial 

i nsoluble pel let may be due to incomplete extraction  of soluble proteins ,  l ipophi l ic CTX inte raction 

with membrane l ipids or CTX association with membrane-bound protein . Toxicity loss in  samples 

subjected to 0.2 mM PMSF buffer may be attributed to oxidative p roperties of PMSF; trebl ing the 

quantity of toxic fish  extracted with 0 .2  mM PMSF buffer i ncreased processing t ime from 4 to 8 

days . Percent yield loss in residue derived from zone 2b(3) was p robably due to the combination 

of oxidative agents to which samples were exposed over th is  period . Cel l u lose acetate 

electrophoresis of ske letal muscle total sol ub le  prote in  showed d i fferences in Roy, Tu rney and 

f reezer control f ish samples consisten t  with denatu rat ion due to long term storage (Umar and 

Qadri , 1 982) . Although lanes T and R do not appear to conta in  u nique  bands ,  band a is  more 

d ist inct (Fi gu re 5) .  

Two bands un ique to Turney, Roy and Sephacryl S-200 column  e luates of Roy solub le  p rote ins 

are visible i n  SOS Disc-PAGE gels (bands b ,  c and d ,  f igu re 6). Bands b and c are more obvious 

in  Turney than in Roy. Concentration  d ifferen ces between Turney and Roy total solub le  p roteins 

i n  these bands may be due to relat ive toxicity d i fferences between the fish .  Zone 2b p rote ins 

represent a 2 .8  fo ld purification  of total solub le p rotein .  Although  bands d and c are on ly  visible 

in Turney, Roy and zone 2b lanes , they may not be  exc lusive to toxic f ish . These gels do not 

imply that on ly  toxic f ish contain these bands .  They are not vis ib le ,  however ,  i n  the controls so 

were either not p resent,  o r  p resent in concentrations too low to visual ise i n  th is system .  

Sephacryl S-200 e lution zones either  side o f  zone 2b(3) d id not conta in  assessable toxin .  Zone 

2b (4) contain s  a tai l i ng  of band d protein .  I f  band d is associated with samp le  toxicity ,  the 

apparent lack of  toxin i n  zone 2b(4) may be attr ibuted to mouse bioassay m in imum th reshold 

detection l im itations .  These bands appeared i n  reg ions of the gels b racketed by carbonic 

anhyd rase (32 500 Daltons) and ovalbum in  (49 OOO Daltons) molecu lar  weight markers. 

Although  these bands were not assessed ind ividual ly for toxicity, the i r  approximate sizes 

(between 37 400 and 40 600 Daltons) correspond with the molecular weight range that contained 

the toxin eluted fro m  Sephacryl S-200 (35 500-59 500 Daltons) . Concu rrence of Sephacryl S-

200 and SOS Disc-PAG E molecular weight estimates for p rotein fractions associated with toxicity 

may be i nterpreted as evidence of at least one monomeric p rotein ,  between 37 400 and 40 600 

Daltons,  associated with CTX in the skeletal m u scle of S. commersoni, The quantity of sol uble 

prote in requ i red for b ioassay assessment p rec luded more specif ic s ize estimates u ti l is i ng  th is 
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system and defin it ion of possib le toxin associat ion (b ind ing) with a particu lar p rote in .  I n  view of 

reports of other  p rote ins b ind ing xeno-toxins (Olsson and Hogstrand 1 987; Barber et a l . ,  1 988; 

Mahar et a l . ,  1 99 1  ) ,  continu ing  investigations of th is possib i l i ty for CTX are warranted .  Larger 

LPLC fac i l it ies ,  more sensitive toxicity evaluation ,  and more toxic f ish cou ld be beneficial to futu re 

work. F u rther studies of CTX-prote in association(s) should defi ne more speci f ical ly the 

biochemist ry of CTX partitioning and accumu lat ion i n  marine teleosts . 
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6.0 Studies i n  Mam mals 

Ciguatera poison ing can often have a severe impact on its human vict ims caus ing 

gastrointestinal and neurological symptoms. The apparent low level effect of  CTX on fish led us 

to specu late that an understanding of how fish dealt with th is  toxin may prove to be of  benefit to 

the treatment of human victims. The information presented for fish in Section 5 has shown that 

f ish are susceptib le to CTX and that th is susceptib i l i ty can vary with species. I n  the Spanish 

m ackere l ,  at  least, there appears to be biochemical mechanisms that are in itiated by the 

presence of  CTX that may be protective to the fish .  When these FRDC sponsored studies began 

we intended to examine the effects of CTX on mammalian tissues to provide a comparison with 

the stud ies in fish tissues. Previous work with mice by our g roup at QUT (Coombe et al . ,  1 987) 

demonstrated that CTX produces damage to the small intestine in a manner s imi lar to the actions 

of CTX on fish i ntestine (Section 5 .2) . I t  has also been reporJed that structu ral alterations may 

occu r i n  the Schwann cel ls  associated with peripheral nerves in human victims of ciguatera 

poison ing (Al lsop et al . ,  1 986) . I n  this part of the report the two remain ing research objectives 

from 87/058 wi l l  be addressed and the objective of 88/059 wi l l  also be addressed under the 

fol lowing  subhead ings :  

• H istolog ical stud ies in  mice 

• Fish p rotective mechanisms and human therapy 

• Mann itol and ciguatera poisoning 

6.1 H isto logical studies in  mice 

6 . 1 1 Introdu ction 

As noted above , CTX when injected into laboratory m ice (Coombe et al , 1 987) produced 

h istopatholog ical changes i n  the smal l  intestine. Terao et al ( 1 991 ) fai led to find any changes 

in the intestines of m ice injected with CTX but found h istopatholog ical changes in card iac muscle 

cel ls ,  medu l lary cel ls  of the adrenal g lands and changes in penile tissue. Variations in the effects 

of CTX on intestinal tissue may reflect differences in the toxins used in each study. What is clear 

however,  is that CTX can cause damage to a range of tissues in  the mouse and presu mable 

other  mammals inc lud ing humans. I n  th is  section the fol lowing objective from 87/058 is 

addressed : -
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To examine the actions of CTX on selected tissues in a mammalian model of ciguatera 

poisoning in humans. 

As it is establ ished that CTX can cause cel lu lar damage to a range of tissues in mammals, the 

above research objective was addressed not by continu ing to document structural damage to 

t issues and organs but by attempting to visual ise the binding of CTX to specific target sites in 

mammalian tissue.  An attempt was made to visualise attachment s ites for CTX within the central 

nervous system of the laboratory mouse by using immunocytochemical methods. 

Immunological stud ies in associated with ciguatera poisoning have indicated an affin ity between 

lgG and ciguatoxin (Emerson et a l . ,  1 983; Hokama et al . ,  1 983; Kimura et al . ,  1 982) . Although 

th is  non-specif ic b ind ing of c iguatoxin to lgG has introduced d ifficu lties in  the production of a 

specific antibody (Emerson et a l . ,  1 983) , it may be usefu l i n  the local isation of the b inding sites 

of ciguatoxin in animal tissues. The animal or selected tissues cou ld be loaded with ciguatoxin 

e i the r  in vitro or in viva, and then any ciguatoxin may be able to be visual ised using an 

immunohistochemical method i nvolving lgG.  This was attempted by using the label led avid in

biot in techn ique (Guesdon et al . ,  1 979) . 

CTX has a range of neurolog ical effects that appear to be related to its action with in the central 

nervous system .  I ncluded among these are the commonly observed ataxic behaviou rs seen in 

m ice exposed to CTX. I n  th is study the cerebe l lum was chosen as a potential s ite of CTX 

attachment and action.  I f  CTX exerts physiolog ical action on the CNS, then prior to the 

physiological and behaviou r  manifestations, it cou ld be expected that CTX would bind to target 

sites. The role of the cerebel l um with in  the brain is to control the precise timing of muscular 

contractions for coord inated, smooth muscle movement. The cerebel lum was chosen as the site 

of study for the fol lowing reasons: it was easi ly removed whole from the an imal , it has a g rey 

matter layer conta in ing three sections:  a molecu lar layer, a Purkinje cel l  layer and a g ranular 

layer and also for its role in  f ine movements . As noted , in  m ice exposed to ciguatera toxins 

ataxia is frequently observed . The cerebel lum is  the centre for coord ination of fine movement, 

if its functions are d isrupted ataxia wil l  resu lt. 

The Purkinje cel l s  with in the cerebel l um are neurons receiving both excitatory and inh ib itory 

impu lses (Ham and Cormack, 1 979) . The Pur inkje cel ls  have large dendritic processes that 

extend into the molecular layer and axons that extend into the granular layer of the cerebe l lum.  
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Any b ind ing of ciguatoxin to these structures may be able to be visual ised with 

immunocytochemical techniques. 

6.1 2 Methods 

The cerebe l lum was d issected from male and female Quackenbush sta in mice, euthanased in 

a C02 atmosphere. Once the cerebel lum was removed the vermis was cut away and cut in half 

through the median l ine ,  then each half was used in  subsequent procedu res. 

The vermis was either exposed to toxin before preservation of the tissue (pre-preservation) or 

after p reservation of the tissue (post-preservation) .  Preservation of the tissue was achieved 

either by freezing or formal i n  fixation .  Formal in  fixation was used in the pre-preservation 

exposu re of tissues, whi le  freezing was used in both pre and post preservation exposu re. 

Controls were performed for both pre- and post-preservation methods. In the pre-preservation 

experiment blocks of the vermis were exposed to either Krebs solution a lone or Krebs solution 

with contro l  extract-Tween 80. Controls in the post-preservation experiment i nc luded exposu re 

of cut sections to control extract i n  buffer-Tween or to buffer-Tween alone. 

Blocks of vermis approximately 2 m m3 were incubated in 1 ml of Krebs physiological sal ine in 

1 % Tween and bubbled with 95 % 02 and 5 % C02• In it ial ly only Krebs solution was used to 

establ ish a maximum time period of incubation where min imal damage to tissue was incurred. 

Once a time cou rse was establ ished , exposu re to toxins was carried out. Time periods of 1 5 , 

30 , 45 and 60 minutes were used . 

Immediately after excision from the animal or  incubation in Krebs solution tissues were immersed 

in a cryoprotectant (OCT, Tissue Tek, Mi les Inc . ) ,  in a mould with a cryostat chuck in place. The 

whole assembly was then immersed in l iqu id N itrogen unti l  completely  frozen. Once frozen the 

tissue block was p laced in the cryostat to equ i l ib rate from - 1 96 °C to -20 °C. After freezing and 

equ i l i b ration the b locks were cut us ing a cryostat (Tissue Tek 2). The blocks were faced in to 

remove the OCT before the tissue face. Once faced in sections were cut a 8um and placed on 

clean microscope s l ides. The sections were al lowed to dry at room temperature before staining . 

Before immunostaining a circle was cut around the tissue using a diamond penci l ,  to restrict the 

movement of reagents , and then the section was hydrated by washing in  water. After hydration 
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the sections were rinsed with buffer, then treated at room temperatu re with 1 Oul  toxin d i l uted i n  

buffer-2% Tween 80 .  for time periods o f  1 0 . 20 ,  30 and 60  minutes . Control s l ides were exposed 

to buffer-Tween for the same time periods. 

When frozen sections were not used , cerebel lar t issue was fixed in 1 0% neutral buffered formal in  

and tissues were processed and sectioned us ing standard histo logical  techniques. Before 

i nmmunostain ing a ci rcle was cut around the tissue section in the g lass s l ide with a diamond 

penci l and sections were hydrated with complete removal of wax. 

The method of immunostain ing used for both the pre and post preservation exposu re was the 

same, using the label led avid in-biotin technique of Guesdon et al . ,  ( 1 979) (Figu re 1 5) .  

B iotinylated swine anti - rabbit immunoglobin lgG and Avidin (horseradish) peroxidase 

(Dakkopatts) were used. The buffer used throughout the methods was Tris-HCL 0 .05M pH 7 .4 . 

. . � ·  � 
, � �  � 
3 . � � � 

-< Tissue 

+ CTX molecule 
(antigen) 

� Biotin labelled 
! g G  � � laelled 
Avidin 

Figure 1 5 : The Label led antibody methods of stain ing .  1 .  The tissue is loaded with the 

antigen (CTX molecule), 2 .  then the biotin labelled lgG is attached and 3. located with an 

avid in  label led Horse radish peroxidase visual ised by the diaminobenzid ine method. 

(adapted from Guesdon et al. , 1 979). 

After hydration and/or exposu re to toxin the section was rinsed with several changes of buffer, 

then treated with fresh 3% hydrogen peroxide for 3-5 minutes . This was to destroy any 
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endogenous peroxidase present in  the tissue. After rinsing with buffer and d rain ing ,  the sections 

were treated with biotinylated swine anti - rabbit l gG d i l uted with buffe r 1 :400 for 30 minutes at 

room temperature in a petri dish l i ned with moist f i lter paper, to prevent d rying of the section .  

They were then washed for 5 minutes in  4 changes of buffer, then treated with the avid in 

peroxidase d i luted with buffer 1 :400 for 30 minutes at room temperatu re in the petri d ish . After 

washing in buffer as before , the sections were treated in  the dark with fresh diaminobenzid ine 

(DAB) solution for 1 0-20 minutes at room temperature inverted in a petri d ish .  The sections were 

then washed in  water for 5 minutes and counter stained with Mayers haematoxyl in  for 30 

seconds, washed , cleared and mounted . 

The DAB solution was prepared d i rectly before use i n  a fume hood by m ixing 1 Oml buffer, 0 . 1  

m l  fresh 1 % hydrogen peroxide and Smg o f  DAB-4HCl (Sigma) . Other stains carried o u t  i n  

conjunction with the immunostain were rapid (frozen) and routine (paraff in) haematoxyl in  and 

eosin stain and luxol fast b lue stain. luxol fast b lue was used to stain the myel in  sheaths of the 

nerve axons present in  the tissue.  This stain was used for both paraff in and frozen sections .  

The toxins used i n  this part of  the study were CTX extract #1 and CTX extract #3.  CTX extract 

#1 was added to 1 ml incubation volumes of Krebs, Tween solution and tissues were incubated 

for varying times. CTX extract #1 was used at fu l l  strength wh i le a 1 :  1 O d i l ution CTX extract #3 

was used. 

6.1 3 Resu lts 

Control and experimental mouse brains were examined after both types of preservation , for al l 

treatments . Tables 9 and 1 O ind icate the numbers of sections examined for al l  treatments .  

P reservation 

Treatment Frozen Paraff in 

Control* 3 2 
Krebs-control 1 6  1 2  

Contro l  extract 8 8 

Toxin - 4 

Table 9: The n umber  of sections examined using the pre-preservation method of 

exposing the tissue. 
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Treatment Frozen 

Control* 8 

Buffer-Tween 16 

Control extract 1 6  

Toxin 1 6  

* These tissues were preserved immediately after excision from the animal 

Table 1 0 : The number of sections examined using the post-preservation method of 

exposing the tissue. 

The very poor morphology exhibited by the p re-preservation frozen control sections (Figu re 1 6) 

estab l i shed that any exposu re to toxin  of material  treated in  this manner would yield no 

information on the possible b ind ing sites with in  the vermis .  F igure 1 7  shows the complete loss 

of architecture in a section of cerebe l l um exposed to CTX for 20 m inutes .  Because of the lack 

of recognisable arch itecture in CTX exposed frozen sections, it was decided to use paraff in 

sections uti l is ing the same exposu re regimen.  When th is  method showed l ittle 

immunocytochemical stain ing post-preservation techniques were attempted with frozen sections 

but these two were unsuccessfu l .  

Formal i n  f ixed t issue pre- and post- preservation contro l  sect ions that were not incubated 

showed good morpho logy (Figure 1 8) .  The morphology of the cerebel lum was wel l  preserved 

and easi ly recognisable. The three layers , the molecular, g ranu lar and Purkinje cel l  layer were 

easi ly d istingu ishable.  When cerebel lar t issue was incubated rel atively good morphology was 

attainable for incubations up to 30 minutes in du ration.  Therefore t ime series of 1 0 . 1 5 , 20 and 

30 minutes were chosen for exposure of t issues to control extract and toxin .  Sections prepared 

by immunostain ing for contro ls and control time series experiments displayed very l i ttle 

background stain ing (Figu re 1 9) .  

The  exper imental sections displayed very l i ttle immunocytochemical deposits other than that 

noted for the control sections as background stain ing .  The frozen sections showed a complete 

loss of architecture and cou ld  not be used . The paraffin sections however, displayed better 

morphology, but gave no indication of any evidence of the local isation of bound toxin molecules 

(Figu re 20) . 
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Figure 16 :  

Figure 1 7 : 

Cerebel lum (frozen section) exposed to control extract and 
immunocytochemical ly stained . Note the d isruption to the morphology 
and the lack of background staining.  

g. 

Cerebel lum (frozen section) exposed to CTX for 20 minutes. Note the 
complete loss of architecture of the tissue. There is very l ittle brown 
deposit and hence immunostained cells in this poor qual ity section. The 
granular layer is probably shown above (g). 

50 



f 

I 

. . 
. 

' ·  . .  

) 

m . . . - ." ·. 

Figure 1 8: 

Figure 1 9 :  
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Cerebel lum (control section) stained with Haematoxyl in and Eosin .  Note 
the layers of the cerebel lum: the molecular layer (m), the granu lar layer (g) 
and the Purkinje cel l  layer (arrow). 

Cerebel lum control extract exposure for 20 minutes. This is a paraffin 
section stained by the immunocytochemical method. Not only l ight brown 
staining around the periphery of the tissue. 
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Figure 20: Cerebel lum exposed to CTX for 30 minutes and immunocytochemically 
stained. If CTX was present a heavy brown staining would have been 
apparent. Only background staining simi lar to control sections is 
apparent. 
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6.1 4 Discussion 

The theoretical basis of visual isation of ciguatera toxin was that the toxin molecule would interact 

with specif ic b ind ing sites in the b ra in tissue. The specific sites might be expected to be 

associated with the NA+ channels (Capra,  1 985; Capra et al . ,  1 987) with in the nerve fibres of the 

cerebel lar tissue, including the Purkinje cel l  dendrites and axons. It was predicted that the toxin 

molecu le would bind to the Purkinje cel l  dendrites and axons, particu larly at the synapses where 

a larger number of voltage independent ion channels occur (Berne and Levy, 1 983) . The 

b iotinylated lgG wou ld  then l i nk  to the bound ciguatera toxin molecu le .  I f  this was to occur 

immunocytochemical local isation of the bound biotinylated l gG cou ld be used as an ind icator of 

the p resence of ciguatera toxins .  The stain ing methods used in this study would lead to brown 

deposits in the sect ions that cou ld  be visual ised by l ight microscopy. The stain ing method 

chosen was the labe l led avid in-biotin method (Guesdon et al . ,  1 979) . The species from which 

the immunoglob in  was taken was swine anti-rabbit, as far removed from mouse and fish as 

poss ib le to reduce non-specific stain ing .  An avid in-biotin method was chosen because of the 

h igh aff in ity between avid in and biotin and the high sensitivity of the methods (Coggi et al . ,  1 986) 

As so l ittle  toxin was avai lable a decis ion was made to conduct this study in vitro. By using in 

vitro techniques central nervous system tissue cou ld be exposed to reasonable concentrations 

of toxin without us ing large amounts of toxin .  

One o f  the d ifficu lt ies i n  the appl ication  o f  immunocytochemistry to the visual isation o f  bound 

tox in molecu le  is the choice of the method of t issue processing and at what point in  the 

procedu re to expose the t issues to the toxin .  As ciguatera toxin is very l ipid soluble (Tachibana, 

1 980) and may be extracted du ring rout ine paraffin processing,  it was in it ial ly decided to avoid 

th is type of processing . Therefore ,  frozen sections were used,  with stud ies using control extract 

exposu re of the tissue  before preservation .  However as these sections were of very poor 

morphology, paraffin sections were subsequently used and this greatly improved the morphology. 

U nfortunately these sect ions showed no immunostain ing when exposed to toxin .  A post

preservation method us ing frozen sections was subsequently attempted but no usable resu lts 

were obtained. 

I n  frozen and paraffi n contro l  sections that were not incubated in toxin or control extract, good 

tissue morphology was apparent with both haematoxyl in and eosin  and l uxol fast blue stain ing .  
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The paraffin immunocytochemical sections displayed better morphology than the frozen sections. 

Both paraffin and frozen control sections displayed l ittle background stain ing .  Sections derived 

from tissues incubated in Krebs solution alone or Krebs solution with control extract also showed 

l ittle background stain ing,  although  frozen sections showed very poor tissue morphology. The 

poor morphology of these incubated frozen sections led to the use of paraffi n sections. 

There was l ittle d ifference between the ciguatera toxin immunohistochemical sections and the 

control  sections indicating no observable conjugation of the ciguatera toxin molecule to the brain 

t issue.  There are however ,  p roblems with paraffin processing associated with 

immunohistochemical techniques that should be considered . Routine formaldehyde fixation and 

paraff in processing effects may cytoplasmic components, including immunoglobins (Bosman and 

Kruseman , 1 979) . Proteins are cross-l i nked by the formaldehyde, and this may have an effect 

on the binding sites of the ciguatera· toxin .  This problem was min imised by exposing the tissue 

to the toxin prior to fixation . The formaldehyde fixation of the tissue may have effected the bound 

toxin by alter ing the avai labi l i ty of antigenic sites on  the bound toxin .  Fai l u re to completely 

remove paraffin before immunostain ing may physica l ly p revent access of immunochemicals to 

sites with i n  the section and complete deparaffin isation must be completed before stain ing .  

The frozen immunochemistry sections displayed extremely poor morphology and preservation 

of the tissue when compared to control sections stained at an earl ier  date . Control sections 

sta ined concurrently with the exper imental sections,  however d isplayed s imi larly poor 

morphology. Again there was no visib le d ifferences between control sections and their 

equ ivalent experimental sections .  Although  the majority of l ight m icroscopy 

i m m unohistochemical work is performed on frozen sections,  the method is known for its poor 

p reservation of tissues (Polak and Van Noorden, 1 987) . The control sections not exposed to the 

long incubation periods du ring an immunostain ing p rocedu re has the potential to cause tissue 

damage, as observed with these sections .  

The lack of ind ications of toxin b ind ing may reflect a lack of  bound toxin or the inabi l i ty of the 

methodology to identify bound tox in .  I f  the toxin molecu le  doesn't bind before exerting  its 

physiological effects then i t  can not be visual ised by these methods. The molecule may not bind 

to the tissue at al l .  The methods used in this p rocedu re rel ied upon the assumption ,  that 

ciguatera toxin molecules a re bound  to the t issue i n  such a configu ration that thei r  l gG b inding 

s ite was avai lable for binding . The ciguatera tox in molecu le is relatively smal l  and therefore 

b ind ing to tissue may obscure the port ion of the molecu le that has been associated with its 
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aff in ity for lgG (Emerson et al . ,  1 983) . I f  the b ind ing occurs with in  the Na+ channe l ,  as now 

seems to be the case, it is not an unexpected resu l t  for no lgG l i nking and hence visual isation 

to occur. 

An u n re lated species of lgG was used , and was u nsuccessfu l .  Use of a specific monoclonal 

antibody to ciguatoxin may have produced resu lts that identified a sp�cific binding site. Hokama 

and coworkers (1 984; 1 985a; 1 985b; 1 986) have tr ied other  assays using monoclonal antibodies 

to the ciguatera toxin molecu le with varying success .  Monoclonal antibodies to ciguatera toxin 

were not avai lable for this study. 

The immunocytochemical technique was del iberately performed on isolated tissues because it 

was felt that significantly more toxin could be del ivered to the tissues than cou ld be achieved by 

in vivo dosing. As no defin i tive indication of toxin b ind ing was achieved by the in vitro method , 

further in vivo studies in  intact animals may be i nd icated, but d ifficult g iven the smal l quantities 

of CTX avai lable for research.  

6.2 Fish Protective Mechanisms and Human Therapy 

I t  was our  in it ial i ntention to assess protective mechanisms in fish from a physiological and 

biochemical  perspective to assess how such protection may form a basis for the therapy of 

human victims. I n  our  p roposal for 87/058 we p resented the fol lowing objective: 

To evaluate the mechanisms of sequestration of CTX by fish as potential methods of therapy 

in humans. 

The in itial work commenced on 87 /058 was d i rected towards toxicological and h istopatholog ical 

stud ies in fish . The resu l ts of these studies ind icated that fish are susceptib le to CTX and 

potential precursor toxins from G. toxicus. The level of toxin requ i red to produce overt s igns of 

intoxication and death i n  f i sh  was greater than that requ i red in  mammal . Our work with three 

species of pomacentrids ind icated that there are also species related variations in the 

susceptib i l ity to CTX in fish .  Stud ies by Capra et al . ,  ( 1 988) , Flowers ( 1 989) and Flowers et a l . ,  

( 1 992) have shown that the  nerves o f  both carrier and  non carrier species o f  fish are effected by 

CTX in a manner that is qual i tatively s imi lar to the actions of th is toxin on rat (Cameron et al . ,  

1 99 1 a) and human (Cameron e t  al . ,  1 991 b) nerves . The histological studies o n  fish have also 
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shown that the l iver, intestine and g i l ls  of f ish can be damaged at the cel l u lar  level by CTX and 

the precursors of CTX extracted from G. toxicus. 

The toxicological and histological aspects of the study of the effects of CTX on fish indicate that 

although fish may be more resistant to CTX they are effected by this toxin .  Many outbreaks of 

ciguatera poisoning in humans, includ ing the 1 987, large scale outbreak i n  Sydney (Capra and 

Cameron ,  1 991 ) have been traced to individual or small numbers of toxic f ish . The question 

remains as to how large fish of 20-40kg can contain sufficient CTX to severely poison many 

humans. Do such fish show pathology? Are these fish perhaps easier to capture because their 

nervous system is compromised in a manner simi lar to humans? Are they able to withstand large 

quantities of toxin because they have evolved specific mechanisms to combat the CTX within  

the i r  own tissues? The toxicological and h istological stud ies reported in  th is document g ive l ittle 

ins ight into possib le defence mechanisms in  fish . On the other  hand the biochemical stud ies 

reported in the Spanish mackerel ,  provide strong evidence for a successfu l defence mechanism. 

P rote in biochemistry stud ies have shown that with in the f lesh of toxic fish there is at least one 

monomeric soluble protein of 37 OOO to 40 600 molecu lar weight that appears to be associated 

with CTX. A s im i lar protein was not found  in non toxic fish .  We specu late that this solub le 

protein binds to CTX and thus prevents CTX from attaching to critical target sites such as the site 

deep with in  the Na+ channel of the exciteable tissues. 

CTX is a h igh ly l ipid soluble and small compound (MW approx 1 1 00) that cou ld easi ly pass 

through the l ipid layers of cell membranes and bind to sites deep with in ion channels. I f  CTX was 

bound to a sol uble protein with a MW i n  the order of 40 OOO Dalton then it wou ld not penetrate 

the l ip id layer in the membranes of target nerve cel ls and hence not bind to critical sites in the 

Na+ channe l .  

The isolation of  a CTX specific prote in i n  f ish  has considerable s ign ificance for the detection of 

CTX in fish and less significance for the therapy of human vict ims of CTX. Ciguatera poisoning 

in a developed country l ike Australia is very much an "elective" d isease. An ind ividual who does 

not eat fish has zero risk of experiencing ciguatera poison ing .  Likewise those who choose to eat 

on ly temperate water species have zero r isk of poison ing . People who choose to eat tropical 

species experience a finite risk of poison ing and this risk increases with the consumption of large 

specimens of certain  defined tropical species. However many people are either prepared to r isk 

poisoning or are ignorant of the poss ib i l ity of poisonig when they consume a range of tropical 

fish. When poisoning occurs and in particular when large numbers of people are s imultaneously 
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poisoned the f ish ing industry i n  general suffers considerable adverse publ icity .  Victims of 

poisoning are also able to l it igate against retai l  and wholesale vendors of f ish under common law 

and specif ic Acts. 

One of the g reat hopes of the industry and retai lers i n  particu lar, is the development of a rel iable 

and low cost method of testing f ish prior to sale and hull)an consumption .  

To date the on ly hopefu l tests for CTX have been based o n  the development of antibodies for 

CTX which is  a small non p rote in  molecu le .  I n  order to raise antibodies to CTX i t  is  fi rst 

necessary to couple the toxin to a suitable prote in .  Attempts have been made by P rof Hokama 

of the U niversity of Hawaii and P rof Park of the Un ive rsity of Lou isiana to p roduce antibodies to 

CTX and to develop s imple colou r  change diagnostic kits for the detection of CTX i n  fish .  These 

d iagnostic kits have proved to be u n rel iable and g ive both false posit ive and false negative 

resu lts . The major  d ifficu lty i n  the development of a simple d iagnostic test for CTX has been the 

d ifficu lty i n  successfu l ly raising antibodies for CTX. The results of the FRDC sponsored work at 

OUT indicate that, at least, i n  the Spanish mackerel which is a commercial ly important species, 

un ique and d iagnostic p rote ins occu r in f ish carrying  CTX. I t  wou ld be m uch easier to develop 

a diagnostic antibody based detection but for this induced protein rather than for CTX. W hi le the 

development of a CTX test based on the presence of a CTX induced p rote in is certain ly feasible,  

the use of such a p rote in for h u man therapy would seem un l ikely. I f  the functional port ion of the 

CTX- induced p rote in  cou ld be sequenced it wou ld  be possible to use modern techn iques of 

m olecu lar  biology to c lone th is p rote in  and then use i t  as a pseudo-antibody for victims of 

ciguatera poison ing .  At the p resent time the costs involved in such a therapeutic regimen would  

far  out  weigh its usefu lness.  On the other  hand the costs involved i n  us ing  the induced p rote in  

to develop a sensitive antibody based test wou ld not  be excessive and wou ld benefit the Tropical 

F ish ing I ndustry. 

6.3 Mann itol and C i guatera Poisoni n g  

6.31 Introdu ction 

The f inal  objective of the combined studies on c iguatera is :  
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To use the ventral coccygeal nerve preparation of the intact rat to assess the efficacy of 

mannitol and other antagonists on the reversal of neurological manifestations of ciguatera 

poisoning. 

I n  th is Section the analysis and comparison of effects of CTX and b revetoxin ( PbTx) on  the 

mammal ian peripheral nervous system wil l  be described . .These two structural ly  related polyether 

toxins bind to the same site (site 5) on the voltage-dependent sod ium channel (B idard et al . ,  

1 984) . 

Capra and Cameron ( 1 985) and Cameron et a l . ,  ( 1 991 a ,  1 99 1 b) documented modi fi cations to 

the parameters of nerve conduction by CTX i n  the peripheral nerves of mammals .  Resu lts from 

in viva l aboratory experiments on rats cor responded with a l terations to nerve conduction 

recorded in h umans fol lowing the consumption of ciguatoxic fish .  S im i lar  studies relatin g  to the 

effects of PbTx on the mammals in viva have not appeared in the l i te rature .  

W he n  researching  the pharmacologica l  bas is  of therapeutic in te rvent ion i n  CTX i ntoxication  it 

i s  p referable  that these studies be carr ied out on  in viva preparations .  This aspect of research 

employing  whole animal mammal ian p reparations has been severe ly hampered by the l im ited 

avai labi l ity of CTX. Due  to the reported s im i larit ies betwee n  PbTx and CTX, PbTx was 

introduced into the current study in the bel ief that it cou ld  p rove to be a usefu l pharmacolog ical 

model for m im icking the electrophysio logical changes effected by CTX. I f  th i s  cou ld  be 

establ ished , then the existing d ifficulty of l imited avai labi l i ty of CTX cou ld  perhaps be a l leviated .  

Over the years , a number of  therapeutic agents have been admin i stered to victims of ciguatera 

po ison i ng .  These have i ncluded atrop ine ,  calciu m ,  dopamine ,  various vitamins ,  stero ids and 

anti h i stam ines (Banner et al . ,  1 963; Bagn is ,  1 968 ;  Russel l ,  1 975) . A l l  have been g ive n  i n  an 

attem pt to achieve cl i n ical improvement, largely without any documented success. More recently 

several compounds have been reported to induce a reduction of symptoms; tocain ide (Lange et 

a l . ,  1 988) and manni tol ( Palafox et al . ,  1 988 ; Pearn et al . ,  1 989) .  

Lange et al . ,  ( 1 988) documented cl i n ical improvement i n  three vict ims of chron ic ciguatera 

poison ing fol lowing the oral admin istration of tocain ide ,  a l i gnocaine analogue .  L ignoca ine is a 

local  anaesthetic agent that is  capable of p roduc ing a reve rs ib le dose-dependent conduct ion 

b lock i n  al l types of nerve f ibres (Ritch ie and G reene,  1 99 1  ) .  Local anaesthetics interact d i rectly 

with the sodi um channels , preventing the increase in the inf lux of sod ium (Strichartz and Ritchie , 
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1 987) . They exert the i r  effects by occlud ing the sod ium channel and also i nfl uencing the gating  

p roperties o f  the channel  (Hondeghem and Mi l ler, 1 987) .  Severa l  in vitro studies have reported 

a l ignocaine- induced reversal of effects produced by CTX (Legrand et at . ,  1 985a; Lewis, 1 985c, 

1 988;  F lowers , 1 989) . Sod ium channels in an activated state have a m uch h igher aff in ity for local 

anaesthetics than those in  the rested state (Hondeghem and Mil ler, 1 987) . This perhaps should 

make them ideal  therapeutic age nts for ciguatera poisoni ng where CTX is  maintai n i ng the 

channels in  thei r open state . 

Mannito l  is an osmotic d i u retic agent used widely in  the c l in ical situation for a range of conditions 

includ ing  g laucoma and cerebra l  oedema (Weiner ,  1 99 1  ) .  This pharmacological ly i nert 

compound is not metabol ised and when admin istered intravenously remains largely confined to 

the extracel l u lar space where it exerts its osmotic effect. Mannitol was i nstigated as a therapy 

for c iguatera because an association was made between ciguatera symptomatology and cerebral 

oedema (Palafox et a l . ,  1 988) . The p roposed mechan ism of action of mannitol when used as 

a the rapeutic agent for c iguatera ,  ranges from either  d i rect stabi l i sation of the cel l  membrane,  

a scavenger for the hyd roxyl g roups of CTX or by d i rect reduction of axonal  oedema (Palafox et 

al . ,  1 988; Pearn et a l . ,  1 989;  Stewart, 1 99 1 ) .  

Palafox et a l .  ( 1 988) i n itia l ly  treated twenty-fou r  patients with acute ciguatera poison ing .  Mann itol 

(1 g/kg) was adm in i stered i ntravenously over 30 m i nutes a long with standard i ntravenous fl u i d  

replacement. A d ramatic improvement was reported to  occur i n  a l l  patients i n  this study includ ing 

the fol lowing striking  description ;  " two patients i n  coma and one i n  shock responded with in  

m inutes ,  with fu l l  recovery after in fus ion" .  The fol lowin g  year Pearn e t  al . ,  ( 1 989) admin istered 

mannitol to twelve victims of c iguatera. These authors ind icated that mannitol at a dose of 1 g/kg 

was effective i n  ach ieving  cl i n ical improvement whereas a lower dose (0 .5 g/kg) was not. 

Although treatment fai l u res as wel l  as i nc reased morbid ity have been observed to occur following  

mann i to l  infus ion these have been attributed to  u nderdos ing and  overdosing respectively 

(Palafox pers .  comm. ) .  The above reports have been empi rical in  nature and rel ied on subjective 

description of symptoms by the victims .  The except ion to th is  is the coma reversal reported by 

Palafox et al . ,  ( 1 988) ,  in which case mann itol was g iven in conjunction with standard f l u i d  

rep lacement .  I t  cou l d  be arg ued that the i nit ial cause for com a  in  these patients was i n  fact 

dehyd ration  which was subsequent ly rel ieved by the f lu i d  replacement rather than the effect of 

mann i tol  per se.  
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Although  only a smal l  number of patients have been studied , mannitol has so far fai led to 

reverse CTX- induced nerve conduction abnormal it ies i n  h umans (Blythe pers .  com m . , 

I nternational C iguatera Workshop,  Br ib ie I sland , 1 993) . I n  h uman atr ial trabecu lae in vitro, 

mann itol fai led to reverse the CTX- i nduced positive inotropy ( Lewis et a l . ,  1 992) . Furthermore 

mannitol has been unsuccessful  i n  saving animals i njected with CTX i n  the laboratory (Lewis et 

a l . ,  1 993) . In e lectronmicroscopic stud ies of s ingle fibres,, mann itol has been observed to reduce 

the CTX- induced i ncrease in su rface area in Schwann cel ls and moto r  nerve term ina ls  (Molgo 

pers .  comm . ,  I nternational C iguatera Workshop,  B rib ie I sland , 1 993) . 

Th is  FRDC supported study uti l i sed the i ntact rat as a model for the h u man nervous system.  

Nerve conduction studies were performed i n  order to  assess the effects of  mann itol  and 

l ignocaine when used as a therapeutic agent for i ntoxication wi th e i ther  PbTx or CTX. 

Two major  ser ies of exper iments were u ndertaken i n  th is part of the study. The most 

comprehensive series assessed both the antagonism of CTX and PbTx by mann itol and the 

antagonism of PbTx by l ignocaine .  These experiments are reviewed fi rst as Series 1 .  A second 

series of  experiments evaluated the antagonism of l ignocaine on  the response of nerves to CTX 

(Series 2) .  

6.32 Methods (Series 1 )  

6.32.1 Drugs 

In experiments conducted on rats the fol lowing  d rugs and toxins  were used ; P bTx , CTX, 
l i gnocaine ,  mann ito l  and leptan . CTX was p repared as detai led i n  Section  3 .0  and PbTx was 

pu rchased fro m  Latoxan , France .  L ignocaine used was from Astra and mannitol (20% w/v 

Osmitrol)  from Traveno l .  The d rug used for a l l  anaesthesia  was Leptan from Parnel l 

Laboratories. This neuroleptanalgesic contains Fentanyl (0 .4 mg/ml) and D roperido l  (20 mg/m l ) .  

Leptan was pu rchased from P roVet Supp l ies a n d  records kept o f  its use .  

6.32.2 Physiological Sal i ne 

Physiologica l  (normal) saline had been employed for al l p revious CTX-related pharmacolog ical 

studies conducted with in  the OUT laboratory. This vehicle was uti l i sed for a l l  CTX experi ments 
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performed in  th is  section of the current study. Physio logical sal ine (normal sal i ne) was 

composed of NaCl 9 .0  g rams i n  1 l i t re d ist i l led water and stored at 4°C. 

Based on reports i n  the l iterature (Templeton et al . ,  1 989; Pol i  et al , 1 990) , a phosphate-buffered 

physio logical sal ine was uti l ised in a l l PbTx experiments (Table 1 1  ) . The pH was 7. 1 .  The sal ine 

was stored at 4°C. 

Composit ion Concentration 

NaCl 8 .0  

2NaHP04 1 . 1 5  

NaH2P04 0.2 

KCI 0 .2 

Table 1 1 :  Composition of the phosphate-buffered physiological sal ine i n  grams per l itre. 

6.32.3 Animals 

Male Wistar rats weigh ing between 1 50 and 200 g rams were purchased from the Central Animal 

B reed i ng  House at the University of Queensland .  Fol l owing del ive ry to the Q ueensland 

U niversity of Technology the an imals were kept at the reg istered animal holdin g  faci l i ty unti l  

requ i red for use. Fol lowing  the experiments rats were euthanased with i nt ravenous Lethobarb 

(purchased from ProVet Suppl ies) and d isposed of th rough  the u n iversity- recogn ised 

pathological waste d isposal company. In the g raphs presented in the resu lts section ,  each point 

was derived from a m in imum of f ive rates .  In  total 75 rats were used i n  th is  series of  
experiments .  

6.32.4 Preparation  for Nerve Record ings 

The ventral coccygeal nerve was used for a l l  e lectrophysiological  stud ies on the rat (F igu re 21  ) . 

Position ing  of the e lectrodes was ach ieved by measu ri ng  the tai l  from anus to t ip and d iv id ing 

this measurement i nto th ree equal portions.  Two s i lver  surface stimulating e lectrodes were then 

posit ioned 1 cm apart at  the d istal th i rd of the tai l ,  and two stain less-steel  needle  record ing 

electrodes 1 cm apart at  the p roximal th i rd of the tai l .  A f lexib le foi l  earth p late was sited m idway 
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Figure 22: 

Position of electrodes for recording from the ventral coccygeal nerve in 
rats. 
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between the stimu lating and record ing electrodes. The ventral su rface of the tai l  was thorough ly 

cleaned p rior to positioning the electrodes. Electrode gel was placed u nder both the stim u lating  

and the earth electrodes. These electrodes were then strapped i n  position with Leukosi lk .  Care 

was taken to avoid excessive tightness as th is cou ld  abol ish the supernormal response (G i l l iatt 

and Wi l l ison,  1 963) . Attent ion was paid to p revent the spread of gel a long the tai l  as wel l  as to 

keep the tai l d ry in o rder  to achieve peak conductance . •  Throughout record ing  p rocedures the 

tai l  temperature was monitored by a thermistor  placed on the tai l  and maintained at 36 - 37°C via 

the thermostatical ly contro l led heated mattress .  The tai l  was covered with cotton wool  to p revent 

heat loss. 

6.32.5 E lectrophysiological  Equipment 

A Medelec MS92a c l in ical electromyography u nit was used to stimulate and record nerve action 

potentials (F igure 22) . S ing le and paired supramaximal stimul i  were used i n  which square wave 

pu lses with an i ntensity of 1 50-200V and a d u ration of 0 . 1 ms were del ive red .  A supramaximal  

stimu l us  is  defined as one which is 25% above the voltage caus ing a maximal nerve action  

potential . Fi lte r  settings for  the MS92 were EMG 2Hz- 1 0Hz. The rate of stimu lat ion was 1 pu lse 

pe r  second .  Potent ia ls were averaged for 4-8 t imes prior to record ings being  col lected . 

Compound nerve act ion potentials and conduct ion velocities were assessed as wel l  as the 

abso lute and relative refractory periods .  

An  addit ional stimu lator with variable voltage was employed for supernormal stud ies .  Th is  

stimu lator was con nected to the MS92a and triggered by an interval generator (Figu re 22) . I n  

supernormal stud ies pai red stimu l i  were used i n  a techn ique based o n  that described by Park in  

and Le Ouesne ( 1 982) . The fi rst stimu lus ,  regarded as the condition ing stimu lus  i s  denoted as 

8 1 . Th is  supramaximal stimu l us was adjusted to ensu re it e l icited a maximal response i n  the 

n e rve . The second stimu lus ,  82 was adjusted to evoke a response which was approximately 

one-th i rd that of the maximal response. At each interstimulus i nterval stud ied ,  the amplitude of 

82 when del ive red alone was recorded to conf i rm stabi l ity of the preparation .  The ampl itude of 

the response to 82 when p receded by S 1  (CS) was then expressed as a perce ntage of the 

ampl i tude of  the response to S2 when del ive red a lone (UCS). Nerves were regarded to be 

supernormal when  the percentage response to the condi tioned stimu lus  in comparison with the 

response to the unconditioned stimu lus (CS/UCS%) exceeded 1 00 (Fi gu re 23) . Supernormal i ty 
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was examined at i nterstimu lus intervals of 6 ,  8 ,  1 0  20 ,  60 and 1 00 ms .  With several of the 

treatment g roups supernormal ity was also measured at 500, 1 OOO and 2000ms .  

6.32.6 Treatment Group Protocol 

Experiments conducted fo l lowed two general formats . All intravenous i nfus ions were de l ivered 

by a Harvard I nfus ion Pump. 

6 .32.6.1 Format #1 

This general format was used for the p hosphate-buffered sal ine control g roup ,  as wel l  as 

experiments uti l is ing PbTx when administered intravenously (brevetoxin ,  b revetoxin/l ignocaine ,  

brevetoxin/mannito l ) .  

P r io r  to  these in viva stud ies each animal was anaesthetised with intramuscu lar  Leptan . The 

in it ial dose was 420 µ I/kg , with smaller incremental doses being g iven throughout the experiment 

to maintain an adequate and eth ical leve l  of anaesthesia.  

Fo l lowing satisfactory anaesthesia the femoral vein  was cannu lated by a venous cut-down 

procedu re .  The venous cannu la was composed of polythene tubing (Portex P P 1  O with an ins ide 

diameter of 0 .28 mm) to which a 30 gauge b lunted needle had been inserted i n  the d istal end  to 

a l low for syringe con nection .  The length of the cannu la was 20 cm . A l l  cannu l at ion p rocedures 

were completed in 1 O minutes with min imal to n i l  b lood loss .  Fol lowing cannu lat ion the wound  

was sutured with surgical s i l k  t o  p revent fl u id  loss. 

After cannu lation  the an imal was immediately placed on a custom-designed heated mattress .  

The mattress was manufactu red from a matrix of coi led narrow-d iameter copper  tub ing th rough  

which thermostatically control led water was passed and  re-c i rculated . Reusable  cold/hot packs , 

Med i-Paks from Med i - Ice Pak Austral ia ,  were p laced over the top of the copper  to ach ieve an 

even heat d istr ibution . The copper was earthed for the d uration of  e lectrophysio log ica l  

record i ngs .  D u ri ng  record ings th is enti re assembly was p laced ins ide an earthed foi l  l i ned 

(Faraday) cage.  
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Fol lowing cannu lation in  the manner  described , th ree g roups received in travenous PbTx ( 1 5 

µg/kg) which had been taken up  in  a vehicle comprised of 1 % Tween 80 i n  phosphate-buffered 

sal ine - total volume 200 µ I .  This treatment was then de l ivered as an i nfusion over 1 5  m inutes.  

A fourth group (sal ine contro l ) ,  received the 1 % Tween 80 in  phosphate-buffered sal i ne  veh icle 

only - total vol u me 200 µ I .  

Subsequent to  the init ial in fus io n ,  two o f  the PbTx-treated g roups were admin istered with a 

fu rther treatment as fol lows: 

(a) One group received i nt ravenous l i gnocaine (500 µg/kg) in physiolog ical sal i ne  - total 

volume 200 µ I ,  del ivered over 30 m inutes . 

(b) A second g roup received int ravenous mannitol 20 % (1 g/kg) ,  also del ivered over 30 

minutes.  

In  a l l  four treatment g roups described above, nerve conduction stud ies were performed one hou r 

after commencement of the i nit ial treatment infusion ( i .e .  b revetoxin or sal ine vehicle) . For each 

of these experimental treatment g roups,  stud ies were carried out on eight ind ividual rats . An 

out l ine of the t ime frame for each experiment is g iven below i n  P rocedu re Tables 1 2 , 1 3  and 1 4 . 

Time (mins) 
0 

1 5  

45 

60 

1 05 

1 20 

intramuscu lar  leptan 

cannu late femoral vein 

i .v.  1 % Tween 80 in phosphate buffered sal ine 

total volu me 200 µI - g iven over 1 5  m inutes 

end infus ion 

record nerve conduct ion parameters 

an imal euthanased 

Table 1 2: Time Frame for saline control g rou p 
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Time (mins)  

0 

1 5  

45 

60 

1 05 

1 20 

intramuscu lar leptan 

cann u late femoral vei n  

i . v .  brevetoxin ( 1 5 µg/kg) i n  1 % Tween 80  i n  

phosphate buffered sal ine,  total vo lume 200 µ I  

- g iven over 15  minutes 

end infusion 

record nerve conduct ion paramete rs 
animal euthanased 

Table 1 3: Time frame for brevetoxin treated group 

Time (m ins ) 
0 

1 5  

45 

60 

90 

1 05 

1 20 

intramuscu lar leptan 

cann u late femoral vei n  

i .v . i .  brevetoxin (g iven a s  above) 

end infusion 

i .v . i .  mann itol 1 g/kg over 30 minutes 
OR 

i .v . i .  l i gnocaine 500 µ g/kg ove r  30 minutes 

end infusion 

record nerve conduction paramete rs 
animal euthanased 

Table 1 4: Time frame for brevetoxin/mannitol  and brevetoxin/l ignocaine treated groups. 

6.32.6.2 Format #2 

Experiments conducted with this general format included the fol lowin g ;  i ntraperitoneal PbTx (with 

and without mann i to l )  as wel l as in traperitoneal CTX (with and without mannito l ) .  

I n  these exper imental g roups conscious an imals received either brevetoxin o r  c iguatoxi n  by 

intrape ritoneal inject ion .  The dose of  toxin is  set  out  i n  Table 1 5 . Record ings were performed 

on six an imals i n  the PbTx-treated g roup ,  and five i n  the CTX-treated g roup .  
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Toxin  

CTX:-

PbTx:-

Dose 

213 LD50 i n  1 % Tween 80 in physiolog ical sal i ne  

- total vol u me 200 µ I .  

(NOTE: The LD50 val ue fo r  a rat was calcu lated 

from the mouse LD50 valu� , based on the weight 

of the rat. )  

75 µg/kg in  1 % Tween 80 i n  phosphate-buffered 

sal ine - total vo lume 200 µ I .  

Table 1 5: Doses for i ntraperitoneal admin istration of  ciguatoxin and  brevetoxin .  

Each animal was observed and s igns o f  in toxication  were recorded u nti l 2 hou rs after 

admin istration of the toxin when the animal was anaesthetised and the femora l  vei n  cann u lated 

as described in the previous section  relating  to format # 1 . Table 1 6  sets out  the t ime frame for 

experiments conducted with treatment g roups i n  format #2. After cannu lat ion the an ima l  was 

p laced on the heated mattress assembly and nerve conduction parameters were recorded . This 

became the pre-mann itol record ing . Th is record ing was carr ied out  two and a half hours after 

i nject ion of the toxin .  

Three hours after toxin administrat ion ,  a mann itol i nfus ion ( 1  g/kg) was commenced .  Mann itol 

was admin istered over 45 minutes in these exper iments .  This was done in an  attempt to 

overcome seizures noted in rats g ive n  mann itol over a 30 m i nute period .  Nerve conduct ion 

parameters were then recorded a second time (post-mann itol record ing ) .  

Time (mins) 

0 

1 20 

1 55 

1 80 

240 

intraperitoneal tox in 

anaesthetise & cannu late 

record nerve conduction parameters 

(pre-mannitol record ing )  

i .v . i .  mannitol ( 1  g/kg) over 45 minutes 

record nerve conduction parameters 

(post-mann itol recording) 

Table 1 6 : Time frame for format #2. 
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6.32.7 Control Experiments 

In addition to the treatment g roups set out in  formats #1 and #2 , experiments were performed 

on four separate exper imental contro l  g roups .  For each control g roup  record ings were carried 

out on 8 an imals .  

6.32.7. 1 Sal ine Control 

The methodology for sal ine control experiments can be found in  the p revious section  relat ing  to 

format #1 . 

6 .32.7.2 Control 

Animals were anaesthetised with in tramu scu lar  Leptan (420 µ I/kg) . Fol lowing satisfactory 

anaesthesia being  ach ieved , each animal  was p laced on the heated mattress assemb ly  and 

nerve condu ct ion parameters recorded . This contro l  g roup did not receive a veh icle . 

6 .32.7.3 Lignocaine Control 

The animal was anaesthetised with in tramu scu lar  Leptan (420 µ I/kg ) .  1 O - 1 5  m inutes later the 

femoral vei n  was cannu lated . L ignocaine (500 µ g/kg) was then admin istered intravenously  as 

an infusion over 30 m i nutes .  Nerve conduct ion parameters were recorded 1 O m inutes l ater .  

6 .32.7.4 Mannitol Control 

Fol lowin g  anaesthesia with Leptan and can n u lation  of the femoral vei n  the animal was g iven 

in travenous mannito l  20 % ( 1  g/kg) as an i nfusion de l ive red over 45 m inutes. Nerve condu ct ion 

parameters were recorded 1 O m inutes later .  

6 .32.8 Physiologica l  Data Col lection 

All rats in treatment g roups label led as format #1 had resp i ratory and electrocard iograph data 

col lected.  After be ing  p laced o n  the heated mattress assembly, a sk in suture was placed 

superf ic ial to the d iaphragm .  This was then con nected to a G rass force d isp lacement 
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transducer .  Three surface electrocard iographic e lectrodes were app l ied to the torso of the rat 

in o rder to trace the e lectrical output of the heart. Respiratory and cardiac traces and record ings 

were obta ined by way of a B IOPAC (MP 1 00) physiolog ical workstation .  Cont inuous  v isual  

moni tor ing of resp i ratory and card iac traces was possib le on  the Apple Macintosh computer  

con nected to  the M P 1 00. A l l  data col lected was then  stored o n  d isk .  Record ings  were 

com menced prior to the start of the i nfusion of the toxin (qr veh icle) and continued until j ust pr ior 

to performing  nerve conduct ion studies.  

6.32.9 Statistical treatment of Data 

For  each treatment g roup the mean ,  standard deviation and standard error were calcu lated . 

Comparisons were then made between the means of a l l  poss ib le  pai rs of treatment g roups by 

way of an analysis of variance (ANOVA) . The post-hoe test, F isher's P rotected Least S ign ificant 

D i fference ( PLSD) was then carried out in o rder to estimate which pai r(s) of means were 

s ignif icantly d i fferent. These post-hoe comparisons were performed at the 95% l evel of 

s ignificance . A p val ue of <0.05 was cons idered as a s ignif icant d i fference between t reatment 

g roups .  In th is section  p values wi l l  be reported for al l  s ign i fi cant resu l ts .  In the case of 

supernormali ty where p values may vary between the range of i nterstimu lus  i ntervals m easu red , 

the range of p values obtained wi l l  be reported . 

A l l  statistical analyses were performed on  StatView, a compute rised stat istical package for 

Macin tosh computer  systems. Du ring  the p rocess of i n it ial data analysis i ntercomparisons 

between  treatment groups were a lso carr ied out  us ing an u npa i red t-test. Whi le res u l ts were 

comparable to Fisher's the latter test was found  to be the more robust. 

6.33 Results (Series 1 }  

6.33.1 Signs 

G roups of rats g iven both PbTx and CTX i ntraperitoneal ly were observed for the development 

of s igns of intoxication for 2 hou rs pr ior to anaesthetis ing . Signs observed i n  the c iguatoxin

treated rats included ataxia ,  lacrimation ,  d iarrhoea, tachypnoea, loss of rig hting ,  p i loerection ,  

hypersal ivation  and h ind l eg weakness. 
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I n  rats g iven PbTx a dose-dependent resp iratory response was noted . A respi ratory arrhythmia 

s imi lar  to Cheyne-Stokes b reath ing  was observed . The onset of th is b reath ing pattern began 

approximately 1 5  minutes after admin istration  of the toxin and continued u nt i l  anaesthesia. The 

pattern consisted of 8-20 normal resp i rations then 8- 1 2  extremely rapid shal low resp i rations 

fol lowed by a short period of long s igh ing respi ratory movement. Other s igns noted i n  brevetoxin

treated animals included i rritabi l i ty, i ncreased activity, an increase i n  defaecation and d iar rhoea . 
. 

6.33.2 Controls 

When comparisons between al l  fou r  control g roups were performed, no d ifferences in  e i ther the 

refractory periods o r  the conduction velocity cou ld  be demonstrated . 

I n  supernormal stud ies al l  groups of control nerves manifested a supernormal response at 6 ms,  

the ear l iest inte rstimu l us  in terval meas u red . Supernormality peaked at  around 8 ms in  contro l 

g roups .  By 1 00 ms nerves were no longer supernormal (Figu re 24) . 

With the exception of the l ignocaine  contro l ,  there were no s ignif icant d ifferences i n  the 

m ag n itude of supernormal ity when al l  control g roups were compared . L ignocaine control 

p roduced a significant decrease (p=0 .0 1 1 1 ) in supernormal ity below other  contro l  g roups at the 

interstimu lus interval of 1 0  ms (F igu re 24) .  For a l l  additional i ntervals ,  the supernormal response 

e l icited by l ignocaine control was not s ignificantly d i fferent to other control g roups.  

6.33.3 Brevetoxin 

The admin istrat ion of intravenous PbTx ( 1 5 µg/kg) s ign i ficantly p rolonged both the absolute 

(p=0.0057) and the relative (p <0 .000 1 )  refractory periods when compared to control nerves 

(F ig u res 25A, 258) . The conduct ion velocity was signi ficantly s lowed (p=0.0 1 49) in animals 

treated with P bTx (F igu re 26A) . PbTx did not a l ter the ampl itude of the nerve action potential 

when compared to control (F igu re 268) . 

The magnitude of supernormal ity was s ign i ficantly increased i n  this g roup  of PbTx-treated 

an imals when compared to control values (F igu re 27) . This i ncrease occurred at all interstimu lus 

in te rvals  tested (6ms p <0 .000 1 ; 8ms p=0 .0009 ; 1 0ms p=0.0 1 29 ;  20ms p=0 .0001 ; 60ms p 

<0.000 1 ; 1 OOms p <0.0001 ) .  I n  the PbTx g roup the peak in  magnitude occu rred at 6 ms (mean 
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Figure 24: Graph of the percentage change i n  ampl itude of the conditioned stimu lus over the unconditioned stimulus (CS/UCS%) 
versus the interstimulus interval recorded in vivo from the ventral coccygeal nerve in  rats . Comparisons are made between three 
groups of experimental controls. One group was g iven i .v. 1 %  Tween in PBS (Control) .  A second group received i .v. mannitol 
(Man/Con). The th ird group received i .v. l ignocaine (Lig/Con). Error bars indicate the standard error of the mean.  
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Figure 25 : Graphs (A) and (8) present the means of the absolute (ARP) and relative 
(RRP) refractory periods respectively. Rats treated with i .v. brevetoxi n  (PbTx3, 1 5  
ug/kg) are compared to a control group (treated with i .v. 1 %  Tween i n  PBS). In vivo 
record ings were performed on the ventral coccygeal nerve. Error bars indicate the 
standard error of the mean. 
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Figure 26: Graphs (A) and (8) present the means of the compound nerve conduction 
velocity (CV) and action potential (NAP) respectively. Rats treated with i .v. brevetoxin 
(PbTx3, 1 5  ug/kg) are compared to a control group (treated with i .v. 1% Tween in  
PBS). In viva recordings were performed on the ventral coccygeal nerve. Error bars 
indicate the standard error of the mean. 
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Figure 27: Graph of the percentage change i n  ampl itude of the conditioned stimulus over the unconditioned stimu lus (CS/UCS%) 
versus the i nterstimu lus i nterval recorded in vivo from the ventral coccygeal nerve in rats. Rats treated with i .v.  brevetoxin  (PbTx3, 1 5  
ug/kg) are compared to a control group (treated with i .v .  1 %  Tween i n  PBS). Error bars indicate the standard error of the mean.  



Ciguatera Poisoning 

1 58 .6  CS/UCS%) although this was virtual ly unaltered at 8 ms (mean 1 57 .6 CS/UCS%) . This 

was fol lowed be a very gradual decl ine in  the magnitude of the supernormal response, with 

supernormal ity found to be sti l l  p resent (mean 1 1 0.8 CS/UCS%) at the interstimulus i nterval of 

1 OOO ms.  I n  the control group ,  the onset of supernormal ity was at the interstimu lus interval of 

6 ms,  and by 60 ms these nerves were no longer supernormal . PbTx therefore increased the 

du ration of the supernormal period . 

6.33.3.1 Brevetoxin  and Mannitol 

In this experiment animals were g iven intravenous infusions of PbTx (1 5 µg/kg) fol lowed by 

mann itol ( 1  g/kg) as described in  Table 1 4 . I n  these PbTx/mannito l  treated an imals, both the 

absolute (p=0.001 8) and the relative (p <0.000 1 ) refractory periods were s ignificantly prolonged 

(Figu res 28A, 288) whi le the conduction velocity was sign ificantly slowed (p=0.0340) when 

compared to contro l  animals (Figu re 29A) . There was no sign ificant d i fference in the ampl itude 

of the nerve action potential when the treated g roup was compared to control (Figu re 298) . 

When resu lts obtained from the PbTx/mann itol treated animals were compared with those of 

an imals treated with PbTx alone, there were no s ignificant differences in either the refractory 

periods ,  com pound nerve conduction velocity or action potential (Figu res 28A, 8;  29A, 8) . 

I n  animals treated with PbTx/mannitol the magnitude of supernormality was s ign ificantly 

increased above contro l  at all i nterstimu lus intervals measured (6ms p <0.0001 ; 8ms p=0 .0007; 

1 0ms p=0 .0042 ; 20ms p=0 .0003; 60ms p <0.0001 ; morns p <0.0001 ) .  When compared to 

animals treated with PbTx alone, the PbTx/mann ito l  g roup displayed no alteration in the 

magn itude of the supernormal response at all interstimu lus i ntervals recorded until 1 00 ms.  

(F igu re 30) . In  these two treatment g roups,  due to the prolonged nature of the supernormal 

period , recordings were also performed at the i nterstimu lus i ntervals of 250, 500 and 1 OOO ms. 

In  the PbTx/mannitol treatment g roup ,  a s ignificant decrease in the magnitude of supernormal ity 

(p=0 .0335) existed at the i nterstimu l us  i nterval of 1 OOO ms when compared to the g roup of 

an imals that were g iven PbTx alone.  
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Figure 28: Graphs (A) and (B) present the means of the absolute (ARP) and relative 
(RRP) refractory periods respectively. One treatment group of rats received i .v. 
brevetoxin (1 5 ug/kg) (PbTx3). A second group received i .v. brevetoxin (1 5 ug/kg) 
fol lowed by i .v. mannitol (1 g/kg) {PbTx3/Man). Comparisons are made to a control 
group (treated with i .v. 1% Tween in PBS). In vivo recordings were performed on the 
ventral coccygeal nerve. Error bars indicate the standard error of the mean. 
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Figure 29: Graphs (A) and (B) present the means of the compound nerve conduction 
velocity (CV) and action potential (NAP) respectively. One treatment group of rats 
received i.v. brevetoxin  (1 5 ug/kg) (PbTx3). A second group received i .v. brevetoxin 
(1 5 ug/kg) fol lowed by i .v. mannitol (1 g/kg) (PbTx3/Man). Comparisons are made to a 
control group (treated with i .v. 1 % Tween in  PBS). In vivo recordings were performed 
on the ventral coccygeal  nerve. Error bars indicate the standard error of the mean.  
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Figure 30: Graph of the percentage change i n  ampl itude of the conditioned stimulus over the unconditioned stimulus (CS/UCS%) 
versus the interstimulus interval recorded in vivo from the ventra l  coccygeal nerve in rats. One treatment group received i .v. 
brevetoxin (PbTx3 , 1 5  ug/kg). A second group received i .v. brevetoxi n (1 5 ug/kg) fol lowed by i .v. mannitol (1 g/kg) (PbTx3/Man). 
Comparisons are made to a control group (treated with 1 % Tween in PBS). Error bars indicate the standard error of the mean. 
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Ciguatera Poisoning 

6.33.3.2 Brevetoxin and Lignocaine 

In this experiment animals were intravenously admin istered PbTx ( 1 5 µg/kg) fol lowed by 

l ignocaine (500 µg/kg). Both the absolute (p=0.0438) and relative (p <0.0001 ) refractory periods 

in the PbTx/l ignocaine group were sign ificantly less than those of animals g iven PbTx alone 

(Figu re 3 1 A, 31 B) . The conduction velocity in  the PbTx/l ignocaine group was significantly faster 

(p=0.0001 )  when compared to PbTx-treated animals (Figu re 32A) . When this PbTx/l ignocaine 

group were compared to control animals no significant differences were detectable i n  e i ther the 

refractory periods, compound nerve conduction velocity or action potential (F ig u res 31 A ,B ;  

32A ,B) .  

The magnitude of  supernormal ity in animals treated with PbTx/l ignocaine was s ign ificantly less 

than in an imals treated with PbTx alone. This decrease in  supernormality in the PbTx/l ignocaine 

g roup  occu rred at al l  interstimu lus intervals examined (p range = 0 .0070-<0.0001 ) .  When 

compared to  control animals,  neither the magn itude nor du ration of  the supernormal response 

was significantly different to that of the PbTx/l ignocaine g roup (Figu re 33) . 
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Figure 31 : Graphs (A) and (B) present the means of the absolute (ARP) and relative 
(RRP) refractory periods respectively. One treatment group of rats received i .v. 
brevetoxin (1 5 ug/kg) {PbTx3). A second group received i .v. brevetoxin (1 5 ug/kg) 
fol lowed by i .v. l ignocaine (500 ug/kg) (PbTx3/Lig). Comparisons are made to a 
control group (treated with i .v. 1 %  Tween in  PBS). In vivo recordings were performed 
on the ventral coccygeal nerve. Error bars indicate the standard error of the mean. 
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Figure 32: Graphs (A) and (8) present the means of the compound nerve conduction 
velocity (CV) and action potential (NAP) respectively. One treatment group of rats 
received i .v. brevetoxin  (1 5 ug/kg) (PbTx3). A second group received i .v. brevetoxin 
(1 5 ug/kg) fol lowed by i.v. l ignocaine (500 ug/kg) (PbTx3/Lig). Comparisons are made 
to a control group (treated with i .v. 1 %  Tween in PBS). In vivo recordings were 
performed on the ventral coccygeal nerve. Error bars indicate the standard error of 
the mean. 
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Figure 33: G raph of the percentage change i n  ampl itude of the conditioned stimulus over the unconditioned stimulus (CS/UCS%) 
versus the i nterstim ul us i nterval recorded i n  vivo from the ventral coccygeal nerve in  rats. One treatment group received i.v. 
brevetoxin ( 1 5 ug/kg) (PbTx3). A second group received i .v. brevetoxin (1 5 ug/kg) fol lowed by i .v. l ignocaine (500 ug/kg) (PbTx3/Lig).  
Comparisons are made to a control group (treated with 1 % Tween in  PBS). Error bars indicate the standard error of the mean'. 
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Ciguatera Poisoning 

6.33.3.3 Brevetoxin  Pre and Post Mannitol 

I n  this treatment group animals were g iven intraperitoneal PbTx. Nerve conduction studies were 

then performed before and after the administration of i ntravenous mannitol 

6.33.3.4 Pre-Mannitol Recording 

Although both the absolute and the relative refractory periods were prolonged fol lowing the 

admin istration of intraperitoneal PbTx the differences were not statistical ly significant when 

com pared to control  animals (F ig u res 34A, 348) . No difference cou ld  be detected in  the 

conduction velocity of the PbTx g roup when compared to controls (Figu re 35A) . 

The ampl itude of the compound nerve action potential in PbTx-treated animals was not 

s ign ificantly d ifferent to contro l  values (Figu re 358) . Fol lowing the administration of 

intraperitoneal PbTx the magnitude of supernormal ity was increased above the control  at a l l  

i nte rstimu lus intervals (Figu re 36) . The increases were only significant at the interstimu l us 

intervals of 60 and 1 00 ms (p <0.0001 ) .  The peak in  magnitude of supernormal ity was at 8 ms 

(mean 1 46 . 1 CS/UCS%) in animals treated with i ntraperitoneal PbTx. The nerves in  th is  PbTx

treated g roup were sti l l  supernormal at 1 000 ms (mean 1 06.2 CS/UCS%) confi rming that 

intraperitoneal PbTx caused an increase in  the duration of supernormal ity .  

6 .33.3.5 Post-Mannitol Record ing 

A second series of nerve conduction studies was performed on this group ( intraperitoneal PbTx) 

fol lowing the admin istration of mann itol .  These post-mannitol recordings indicated there were 

no s ignificant changes in any of the conduction parameters (refractory periods , conduction 

velocity, magn itude and duration of supernormal ity) when compared to pre-mannitol record ings 

(Figu res 34A ,8 ;  35A ,8 ;  36) . 
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Figure 34: Graphs (A) and (8) present the means of the absolute (ARP) and relative 
(RRP) refractory periods respectively. In vivo recordings were performed on the 
ventral coccygeal nerve in rats fol lowing the administration of i .p .  brevetoxin (75 
ug/kg) both before (PbTx3), and after (PbTx3/Man) i .v. mannitol (1 g/kg). 
Comparisons are made to a control group (treated with i .v.  1 %  Tween in PBS). Error 
bars indicate the standard error of the mean. 
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Figure 35: Graphs (A) and (8) present the means of the compound nerve conduction 
velocity (CV) and action potentia l (NAP) respectively. In vivo recordings were 
performed on the ventral coccygeal nerve in rats fol lowing the administration of i .p .  
brevetoxin (75 ug/kg) both before {PbTx3), and after (PbTx3/Man) i .v. mann itol (1 
g/kg). Comparisons are made to a control group (treated with i .v. 1% Tween in PBS). 
Error bars indicate the standard error of the mean. 
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Figure 36:  Graph of the percentage change i n  ampl itude of the cond itioned stimulus over the unconditioned stimulus (CS/UCS%) 
versus the interstimulus interval recorded in vivo from the ventral coccygeal nerve in  rats. Fol lowing the admin istration of i .p .  
brevetoxin (75 ug/kg) recordings were conducted both before (PbTx3) and after (PbTx3/Man) i .v. mannitol (1 g/kg) .  Comparisons are 
made to a control g roup (treated with i .v. 1 %  Tween in PBS). Error bars ind icate the standard error of the mean . 
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Ciguatera Poisoning 

6.33.4 Ciguatoxin Pre and Post Mannitol 

An imals  in this g roup were given intraperitoneal CTX, fo l lowed by intravenous mannito l .  

Conduction parameters were recorded both before and after mannitol (see Section 6 .32.6.2) . 

6.33.4.1 Pre-Mannitol Recording 

Fol lowing the admin istration of  CTX but  prior to  the mannito l ,  the CTX group displayed a 

sign ificantly p rolonged absolute refractory period (p <0.0001 ) when compared to the control 

g roup (Figu re 37 A) . The relative refractory period i n  CTX-treated animals was not s ignificantly 

d ifferent to control animals (F igure 378) . When compared to contro l ,  the compound nerve 

conduction velocity of CTX-treated animals was significantly s lowed (p=0.0078) (Figu re 38A) . 

The amp l itude of the compound nerve action potential in  animals treated with CTX was not 

s ign ificantly d ifferent to control animals (Figu re 388) .  

I n  supe rnormal stud ies CTX significantly i ncreased the magnitude of  supernormal ity at  a l l  

interstimu lus intervals tested (6ms p <0 .0001 ; 8ms p=0.0095; 1 Oms p=0.0227; 20ms p=0.0003; 

60ms p <0.0001 ; 1 OOms p <0 .0001 ) when compared to contro l  animals (Figure 39) . The 

magnitude of the supernormal response peaked at the fi rst interstimulus interval measu red,  6 ms 

(mean 1 60 .94CS/UCS%) . Supernormality was sti l l  p resent in these CTX-treated an imals at the 

interstimu lus  interval of 1 000 ms (mean 1 07. 1 CS/UCS%) , hence CTX increased the d uration of 

the supernormal period. 

6.33.4.2 Post-Mann itol Recording 

The absolute refractory period recorded after the i nfusion of  mannitol remained pro longed and 

was not s ign ificantly different to the pre- mannitol recordings (Figure 37 A) . The relative refractory 

period was u nchanged after mannitol when compared to pre-mannitol resu lts (Figure 378) .  The 

conduction velocity remained slowed in post-mannitol studies and was not sign ificantly d ifferent 

to p re-mann itol stud ies (Figu re 38A) . 

The magni tude of the supernormal response remained elevated in post-mannitol recordings 

(F ig u re 39) . On comparison of pre- and post- mannitol recordings there were no s ignificant 

d i fferences i n  the magnitude of supernormal ity at any of the interstimu lus intervals studied. 
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Ciguatera Poisoning 

6.33.4.3 Comparison between Ciguatoxin and Brevetoxin 

Modifications of  nerve conduction occu rring in  animals treated with intravenous PbTx were 

compared to those occurring in  animals admin istered with i ntraperitoneal CTX. Neither the 

absolute refractory period nor the conduction velocity were s ignif icantly d ifferent when these 

groups were compared . The relative refractory period was significantly longer (p <0.0001 ) in  the 

PbTx-treated animals when compared to the CTX-treated g roup.  The magnitude of 

supernormal ity in PbTx-treated animals was not significantly d ifferent to that of the g roup treated 

with CTX at any of the interstimu l us i ntervals measu red (Figu re 40) . 
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Figure 37: Graphs (A) and (8) present the means of the absolute (ARP) and relative 
(RRP) refractory periods respectively. In viva recordings were performed on the 
ventral coccygeal nerve in rats fol lowing the administration of i .p .  ciguatoxin both 
before (CTX), and after (CTX/Man) i .v. mannitol (1 g/kg). Comparisons are made to a 
control group (treated with i .v. 1 %  Tween in  PBS). Error bars indicate the standard 
error of the mean. 
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Figure 38: Graphs (A) and (B) present the means of the compound nerve conduction 
velocity (CV) and action potentia l  (NAP) respectively. In vivo recordings were 
performed on the ventral coccygeal nerve in rats fol lowing the administration of i .p .  
ciguatoxin both before (CTX), and after (CTX/Man) i .v.  mannitol (1 g/kg). 
Comparisons are made to a control group (treated with i .v. 1% Tween in PBS). Error 
bars indicate the standard error of the mean. 
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Figure 39:  Graph of the percentage change i n  ampl itude of the cond itioned stimu lus  over the unconditioned stimulus (CS/UCS%) 

versus the interstimulus interval recorded in vivo from the ventral coccygeal nerve i n  rats. Fol lowing the administration of i .p .  

c iguatoxin record ings were conducted both before (CTX) and after (CTX/Man) i .v.  mannitol (1 g/kg). Comparisons are made to a 

control group (treated with i .v.  1 %  Tween i n  PBS). Error bars indicate the standard error of the mean. 
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Figure 40: G raph of the percentage change i n  ampl itude of the conditioned stimulus over the unconditioned stimulus (CS/UCS%) 
versus the i nterstimulus interval recorded in vivo from the ventral coccygeal nerve in rats. Rats treated with i .v. brevetoxin (PbTx3, 1 5  
ug/kg) are compared with rats treated with i .p. c iguatoxin (CTX). Error bars indicate the standard error of the mean. 
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Ciguatera Poisoning 

6.34 Physiological Record ing from animals exposed to toxins 

Contro l  an imals displayed normal s inus rhythm throughout the record ing ,  with a heart rate of 

approximately 380 beats per minute . The average respi ratory rate in control an imals was 1 08 

per m inu te (F igure 41 ) .  Lignocaine was admin istered intravenously to one rat at a dose of 1 

mg/kg . Due to the development of cardiac arrhythmias the infusion was abandoned . The dose 

rate used in fu rther rats of 500 µg/kg produced no such arrhythmias.  Card iac and respi ratory 

rates in the l ignocaine control g roup were no d ifferent to rates in the sal ine control g roup (Figure 

42) . Normal sinus rhythm was observed on the ECG throughout the experiments .  Normal s inus 

rhythm was also observed in animals administered with i ntravenous mann itol .  The card iac and 

respi ratory rates were no d ifferent to rates observed in  the sal ine contro l  g roup.  

6.34.1 Brevetoxi n  

Prior to determination o f  the p recise dose o f  PbTx, o n e  rat was i nit ial ly g iven 2 0  µg/kg by 

intravenous infusion. When approximately two-thi rds of the toxin had been received, respirations 

became extremely irregu lar then developed further into Cheyne-Stokes b reath ing .  No changes 

were noted on the electrocard iog raph at th is time .  Five minutes later at the completion of the 

toxin infus ion respirations ceased and arrhythm ias commenced , s imu ltaneously. The card iac 

arrhythm ia appeared to be ventricular tachycard ia, or perhaps id ioventricular rhythm .  

I ntravenous l ignocaine was administered with the result o f  revers ion to s inus rhythm .  B reathing 

recommenced temporari ly but 3: 1 heart b lock ensued fol lowed by apnoea and asystole .  

U nfortunately due to malfunction i n  the computer  software the data were not stored . 

A l l  an imals administered with intravenous PbTx ( 1 5 µg/kg) underwent a period of bradypnoea 

and apnoea towards the end of the 1 5  minute i nfusion time. This was accompanied by an 

ensuing onset of cardiac arrhythmias. Most notably these included s inus b radycardias of varying 

rate, heart block as wel l  as ventricu lar  premature contractions (F igu res 43, 44,  45,  46 ,  47) 

6.34.2 General Observations in Mann itol Experiments 

I n  many animals receiving intravenous mannito l ,  seizures were noted.  These ranged from bursts 

of local ised twitching in one or several extremeties through to general ised seizures . The onset 

varied but was as early as 5 minutes after comm encement of the mannitol infus ion.  In an 
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attempt to stabi l ise this situat ion it was decided to slow the rate of the mannitol i nfus ion .  Th is 

strategy appeared to decrease the severity of the seizures however most rats cou ld  sti l l  be 

descr ibed as 'very twitchy' . The other symptom of note i n  mann itol experiments was a 

pronounced scrotal twitch . 
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Figure 41 : Electrocardiographic (ECG) and respiration trace recorded in an anaesthetised 

control rat. The recordings were collected during the admin istration of i .v. PBS and 1 %  

Tween .  
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Figure 42 : E lectrocardiographic (ECG) and respiration trace recorded in  an 
anaesthetised rat (l ignocaine control) dur ing the administration of intravenous 
admin istration of i .v.  l ignocaine (500 µg/kg) .  
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Figure 43: Electrocardiograpic (ECG) and respiration trace recorded dur ing the 
administration of i .v. brevetoxin (1 5µg/kg). The recording shows the development 
of AV block corresponding to a period of apnoea. The recording was col lected 
during the final minute of toxin administration.  
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Figure 44: Electrocardiographic (ECG) trace recorded during the admin istration 
of i .v. brevetoxin (1 5 µg/kg). The cessation of respiration was accompanied by 
ventricular premature contractions. 
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Figure 45: Electrocardiographic (ECG) and respiration trace recorded during the 
admin istration of i .v. brevetoxin (1 5 µg/kg). The recording shows sinus 
bradycardia corresponding with a period of apnoea. 
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Figure 46 : Electrocardiographic (ECG) and respiration trace recorded d uring the 
administration of i.v. brevetoxin (1 5 µg/kg). The cessation of respiration was 
accompanied by a period of pronounced AV block. 
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Figure 47: Electrocardiographic (ECG) and resp iration trace recorded after the 
admin istration of i .v. brevetoxi n  (1 5 µg/kg). Th is recording was collected 
immediately fol lowing the completion of toxin admin istration demonstrates the 
return of sinus rhythm and respi ratory movement. 
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6.35 Methods (Series 2) 

This series of experiments was performed on male Wistar rates ( 1 50-200g} .  Twenty one rates 

were treated with an intraperitoneal injection of an aqueous CTX, sal ine,  and 1 % Tween-80. A l l  

CTX-treated rats manifested signs of  acute ciguatera poisoning with in 30 m inutes of  dos ing .  At 

90 minutes after injection the CTX-treated rats were subjected to e lectrical  studies. 

A further 1 2  control rats were given an intraperitoneal injection ( 1  mg/kg) of l ignocaine solut ion 

and subjected to electrical studies after 30 minutes. These animals manifested no i l l  effects over 

th is period of t ime. 

Lignocaine was given as an intraperitoneal injection since this route provided a qu ick, s imple and 

relatively atraumatic method of d rug delivery and negated the need to anesthetize the animals 

for a second t ime to administer the drug as a slow intravenous infusion . An addit ional 1 O CTX

treated rats (al l  manifesting signs of acute ciguatera poisoning) were g iven an intraperitoneal 

injection (1  mg/kg) of l ignocaine, 1 hour after dosing with CTX. This g roup was then subjected 

to e lectrical stud ies 30 m i nutes after dosing with l ignocaine.  

Each animal was anesthetized with an intramuscular injection (420uUkg) of l nnovar Vet (S . K. F . )  

prior to  electrical studies , and further smaller doses were g iven i f  the rat became restless d u ri ng  

the electrical studies. 

A l l  e lectrical studies were performed on the ventral coccygeal nerve as described above. 

6.36 Results (Series 2) 

CTX induced s ignificant changes in peripheral  nerve conduction and excitabi l i ty in the rat. A 

sign ificant slowing in both m ixed nerve and motor velocities together with a s ignif icant reduction 

i n  the nerve action potentials and motor action potentia ls was found (Table 1 7) .  The absol ute 

refractory period in the CTX-treated group was also significantly prolonged , however, the relative 

refractory period was not s ign ificantly altered (Table 1 7) .  

The du ration of the supernormal period was significantly prolonged to that of the contro l  an imals 

and extended up to 1 00ms (Table 1 7) .  These findings have been previous ly reported i n  the rat 
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and are a lmost identical to the e lectrophysiolog ical abnormalit ies found in  s imi lar stud ies 

conducted du ring the acute phase of ciguatera poisoning in humans. 

Lignocaine produced no significant effect on the rat nerve when the l ignocaine-treated g roup was 

compared to the control  animals apart from an isolated but significant reduction in the ampl itude 

of the supernormal response recorded at the 1 O ms interstimulus interval (Table 1 7) .  This latter 

effect was possibly a result of a partial blocking action by l ignocaine on sodium channels at this 

particular t ime of high Na+ activity .  

W hen  l ignocaine was administered to CTX-treated animals, the electrophysiological d isturbances 

recorded p reviously in the CTX treated group were no longer detectable except for a s l ight but 

s ign if icant p ro longation of the absolute refractory period (Table 1 7) .  

Lignocaine therefore appeared t o  block the electrophysiological abnormal ities induced by CTX 

on mammal ian nerve in an in viva preparation. 
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CON 

Conduction velocity of the mixed nerve(m/s) 35.7+-2 .05 

( 1 2] 

CTX 

30.8+-0.80* 

(1 1 ]  

LID 

36.3+-0.95 

[1 2] 

LID/CTX 

36.3+-0.78 

( 1 0] 

Amplitude of the mixed nerve action potential(uV) 87.4+-9.54 51 .8+-4 . 1 8  .... 1 03.7+- 1 7.68 62.7+-5.379 

(22] 

Conduction velocity of the motor nerve(m/s) 3 1 .3+-1 .43 

(21 ]  

24.8+-0.6 1 ..

[1 1 ]  

( 1 2] 

3 1 .0+- 1 .21  

(1 2] ( 1 2] 

Amplitude of the more nerve action potential(mV) 

( 1 2] 

5 .8+-0.69 1 .7+-0.20..- 5 .7+-0.69 4.8+-0.59 

Absolute refractory period(ms) 

Relative refractory period(ms) 

Supernormal response (CS/UCS,%) at a 

stimulus interval of 8 ms 

Supernormal response (CS/UCS,%) at a 

stimulus interval of 1 0  ms 

Supernormal response(CS/UCS,%) at a 

stimulus interval of 60 ms 

Supernormal response(CS/UCS,%) at a 

stimulus interval of 1 00 ms 

(1 1 ]  

0 .5+-0.03 0 .8+-0.06..-

[ 1 2] 

0.6+-0.05 0 .7+-0.09* 

( 1 2] (22] (2 1 ]  

1 .3+-0.07 1 .2+-0.07 1 .3+-0 .08 1 .4+-0 . 1 6 

(22] (2 1 ]  ( 1 2] 

1 27.4+-8.35 1 41 .7+-8.97 1 1 0.9+-6 . 1 9  

( 1 2] [1 1 ]  ( 1 2] 

1 32 .8+-5.54 1 47.0+-1 0.04 1 06 . 1  +-5 .58 .... 

( 1 2] [1 1 ]  (1 2] 

96.0+-3.36 1 34.0+-7.65..- 89.6+-3. 1 7  

(1 2] (1 1 ]  ( 1 2] 

92.9+-4.54 1 26.7+-9.96 .... 97.6+-3.66 

( 1 2] ( 1 1 ]  (1 1 ]  

( 1 0] 

32.0+- 1 . 1 0  

( 1 0] 

( 1 0] 

(1 0] 

[1 0] 

1 24.9+-9.97 

( 1 0] 

1 1 7.6+-7 .61  

( 1 0] 

1 07.0+-5.80 

[1 0] 

1 02 .9+-4.3 1 

( 1 0] 

The supernormal responses are expressed as the conditioned stimulus over the unconditioned stimulus as a percentage 
(CUIUCS [%]). Student's t-test was used to assess the significance of the differences between groups. Each value quoted is the 
mean value +- the standard error of the mean, *(0.05 >P>0.01), t(0. 0 1>P>0.001), and :t(P<0. 00 1) versus control. 

Table 1 7: The effect of ciguatoxin,  l ignocaine, and ciguatoxin and l i gnocaine on the 

electrophysiological properties of the rat. 

6.4 Discussion 

The phys io log ical/pharmacological activity of CTX has been stud ied by many workers using a 

variety of p reparations and toxins of varying  degrees of purity. This potent neurotoxi n  has been 

determi ned to be a sodium channel agon ist. I t  exerts its effects on excitable membranes by 

increasing the permeabi l ity of sod ium channels thereby producing an overal l excitatory effect i n  

excitab le membranes. Th is  has particular relevance for the human victims o f  ciguatera s ince the 

occu rrence of the action potential i n  mammals appears to be caused by sod ium channels alone, 

with potassi u m  channels p lay ing a very m inor  role  (Chiu et al . ,  1 979; Br ismar 1 980 ;  Ch iu  and 

Ritch ie  1 980) . 

I n  the current study, the rat was selected as an in viva animal model as it is  smal l  enough so as 

not to requ i re the use of large amounts of toxin whi le at the same t ime al lowing for satisfactory 
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in viva nerve record ings .  The rat h as also been shown to be sensitive to CTX. P revious stud ies 

have demonstrated s im i lar electrophysiological d istu rbances i n  rats fol lowing  admin istrat ion of 

CTX as those seen in  the human s ubsequent to c iguatera poisoning (Capra and Camero n ,  1 985; 

Cameron  et al . ,  1 99 1 a ,  1 99 1 b ) .  

I n  rats admin i stered with i ntraperitoneal CTX, s i gns  nQted were s im i la r  to  those reported by 

Camero n  et al . ,  ( 1 99 1 a) .  Some d i fferences were noted between these and the s igns i nduced 

by intraperitoneal PbTx. Chiefly, PbTx el icited a marked effect on the pattern of respi ration  in a l l  

treated rats . Alteration  of  respi ratory pattern was a lso noted on respi ratory traces from rats g iven 

i ntravenous PbTx. This effect on resp i rat ion has been reported by other  workers . The CTX

induced s igns of ataxia and h ind leg weakness were not noticed i n  PbTx-treated rats. As PbTx 

is far less potent than CTX, th i s  may reflect a dose-dependent d i fference. 

6.4.1 Electrophysiology 

6.4.2 Control Rats 

Results reported for all conduction parameters in contro l  g roups were s imi lar  to those d escr ibed 

by a number of other  workers (M isum i ,  1 979;  Parkin and Le Quesne ,  1 982; Takahash i  and Le 

Quesne, 1 982; Cameron et al . ,  1 99 1  a) . For a l l  parameters observed in the cu rrent study,  no 

d ifferences existed between contro l  g roups .  One exception  existed with the l i gnoca ine control 

g roup i n  Series 1 and Series 2 ,  where the magnitude of supernormal ity at the interstim u l us 

interval  of 1 O ms was s ignificantly less than that of a l l  other  contro l  g roups.  The mechan ism for 

this is unclear but perhaps reflects a l ignocaine-induced b lock to the voltage-dependent sod i um 

channel a t  this t ime  o f  h i gh  sod i um activity. 

6.4.3 B revetoxin 

PbTx when adm inistered i ntravenously ( 1 5 µ g/kg) p rodu ced a s ign i ficant pro longat ion of both 

the absolute and relative refractory periods and a decrease in the conduction velocity .  The fast 

sod ium inactivation  is inh ibited by PbTx (Huang  et a l . ,  1 984;  Atchison et al . ,  1 986) . I nactivat ion 

of the voltage-dependent sod ium channel controls the rate of return of the membrane to resting  

level (Cattera l l ,  1 985) . I n hi bit ion o f  i nactivat ion wil l  therefore p ro long the refractory per iods .  
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The magn itude and duration  of supernormality were s ignif icantly i ncreased i n  th is  PbTx-treated 

g roup. This increase is consistent with that observed for pyrethroids ,  which was attribu ted to an 

increase i n  excitabi l i ty of the voltage-dependent sodi um channels (Park in and Le Quesne,  1 982; 

Takahash i  and Le Quesne,  1 982) . PbTx sh i fts the vo ltage dependence of sod i u m  activation ,  

lead ing to  depolarisation a t  resting  potentials (Huan g  et al . ,  1 984; Atch ison et al . ,  1 986) .  

When admin istered intraperitoneal ly (75 µg/kg ) ,  PbTx fai led to s low the conduction  velocity. 

Althoug h  the absolute and relat ive refractory periods in th is  treatment g roup  were p ro longed 

when compared with contro l  values ,  the differences were not statistical ly s ign ificant .  Both the 

d u ration and magn itude of supernormal ity were increased fol lowing  i ntraperitoneal PbTx, 

however the increases in magn itude were only s ign if icant from the i nterstimu lus inte rval of 60 ms 

onwards .  

Simi lar  changes in  ne rve conductio n  were found with both i ntravenous and i nt rap e rito neal PbTx 

admin istration  although these changes overal l  were less p ronounced in  the i ntraperitoneal g roup .  

Th is  suggests a dose-dependent resu l t  as wel l  as perhaps a method-of-admin istration  d ifference 

in susceptib i l ity . A fu rther imp l ication cou ld  re late to the d ifference in t ime frames of the two 

experiments . I n  summary there were several variables involved between g roups, h ence it is not 

possib le to make val id comparisons between the two g roups ( intraperitoneal vs . i ntravenous) . 

6.4.4 Brevetoxin and Lignocaine 

Lignocaine when  used as a therapeut ic agent fol lowing int ravenous PbTx caused p ronounced 

changes to a l l  of the PbTx-modif ied conduct ion parameters . Fol lowing  the i n travenous 

admin istration  of l ignocaine (500 µg/kg) no s i g n if icant d i fferences cou ld  be detected i n  the 

refractory periods, conduction velocity o r  supernormal i ty when compared with values for control 

rats . These results demonstrate that l ignocaine reverses the abnormalities in conduct ion caused 

by PbTx.  Th is reversal is ident ica l  to that fou nd in the Series 2 experiments with CTX. 

Lignocaine at the dose g iven d id  not produce any card iac arrhythm ias . 

Various in vitro stud ies have shown a reversal of CTX activity by l i gnocaine (Legrand et al . ,  

1 985a; Lewis, 1 985a, 1 985b;  Fl owers et al . ,  1 992) .  In vitro studies demonstrated that P bTx

binding could  be prevented but not reversed by p rocaine (Huang  et al . ,  1 984; W u  e t  a l . ,  1 985) . 

Local anaesthetic agents such as l i gnocaine b lock the conduct ion of an impu lse a long axons .  
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They exert their action by d i rect inter�ction with the voltage-dependent sod i um channel , b ind ing 

at  a s i te near  the intracel l u lar  end of  the channel , thereby lead ing  to  a reduct ion i n  the sod i um 

cu rrent  (Starmer e t  al . ,  1 984; Hondeghem and  M i l ler ,  1 987 ; Ritchie  and  G reene,  1 99 1  ) .  Th is  

reversib le  b lock i s  more prominent in  rapidly fi r i ng  axons, assu med to occu r because the 

molecule  in its p rotonated form can only gain access to its binding  site when the sod ium channel 

is open (Ri tchie and Greene,  1 99 1  ) . 

6.4.5 Brevetoxin and Mannitol 

Find ings out l i ned above indicated that PbTx causes s im i lar  modifications to nerve conduct ion 

as for CTX. Furthermore comparable resu lts were obtained when l ignocaine was uti l ised as a 

therapeutic agent to both PbTx and CTX. I n  o rder to examine the effects of mann itol when g iven 

as a therapeutic agent for c iguatera poison ing , PbTx was i n it ial ly  used as a mode l .  

Mann itol  when admin istered i ntravenously 3 0  m inutes after the infus ion o f  PbTx fai led t o  alter 

any of the PbTx-modif ied conduction paramete rs .  These find ings suggest that no  d i rect 

antagon ism between mannito l  and PbTx exists with i n  the sod i u m  channel . These results a re 

s imi lar to those previously described for CTX. Lewis et a l . ,  ( 1 992) reported that mannitol fai led 

to antagon ise the CTX- induced positive inotropy in  isolated h uman card iac tissue (Lewis et a l . ,  

1 992) . These resu lts suggest that mann itol does not d is lodge either CTX o r  PbTx from the i r  

b ind ing  s ite (site 5 )  on the  voltage-dependent sod ium channel . 

When mannitol was g iven 3 hours fol lowing i ntraperitoneal PbTx it sti l l  fai led to return any of the 

PbTx-modified parameters to control values .  The time span i n  th is experiment was des igned to 

mimic the c l in ical situation thereby allowing for alterations to nerve pathology to occu r .  P bTx and 

CTX share the same b ind ing s i te on  the voltage-dependent sod i um  channel . They apparently 

induce s imi lar  ionic sh i fts . Although axonal  oedema has been reported in ciguatera po ison ing  

it is  not known whether  PbTx contributes to  axonal oedema. I t  may therefore be d i fficu l t  to  d i rectly 

i nfer that these PbTx-related f ind ings wi l l  be s im i la r  to CTX . 

6.4.6 Ciguatoxin 

CTX led to a s ign ificant p ro longation of the absolute refractory period and a s lowing  of the 

conduction  velocity. The magn itude and d u ration of the supernormal period were i nc reased . 
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These f indings are s imi lar to those reported by Capra and Cameron ( 1 985a) and Cameron et a l .  

( 1 991 a ,  1 99 1 b) .  CTX modifies many p roperties of the voltage-dependent sodiu m  channe l  (Wu 

and Narahashi ,  1 988) .  The open state of the sod i um channels is pro longed by CTX lead ing  to 

an increase in sod ium permeabi l ity and depolarisat ion of the membrane at resting  potentials 

(B idard et a l . ,  1 984) . Th is  prolonged activation of the sod i um channe ls  i s  reflected in the 

exaggerated supernormal response induced by CTX i_n these exper iments (Pa rkin and Le 

Quesne ,  1 982) . 

Mammal ian nerve conduction is  a lmost total ly dependent on sod ium channel  function (Chi u  et 

al . ,  1 979 ;  B rismar, 1 980) . Neu rotoxins that modify the sodium channel  wou ld then be capable 

of modifying a range of nerve conduction parameters i n  mammals. Examination of the refractory 

period is one parameter which is ut i l ised to gain insight i nto the capabi l ity of the nerve membrane 

to swiftly reestabl ish a normal resting membrane potential fol lowin g  an action  potential (Kimura ,  

1 983) . CTX affects a f raction o f  the  i nactivation current  (Legrand  e t  al . ,  1 985a; Benoit  e t  a l . ,  

1 986) . Th is  prevention of total i nactivation possibly contributes to the p ro longation of the 

absolute refractory period . Closed i nactivation gates after a depolarisation are an important factor 

i n  the refractory period (Bezani l la  & Armstrong ,  1 977) . 

The mechanism for the CTX-induced s lowing of the conduction velocity is unclear. It is possib le 

that the nerve membrane cou ld  be partia l ly depolarised i n  patches a long the membrane.  The 

impu lse cou ld  therefore be slowed and b locked at t imes i n  some fib res which may lead to an 

overa l l  net effect of s lowing of the conduction velocity . Simi lar find ings have been reported in 

h uman victims of ciguatera poisoning (Ayyar & Mul laly, 1 978; Al lsop et al . ,  1 986 ;  Cameron et a l . ,  

1 99 1 b) . 

6.4.7 C i g uatoxi n  and M a n n itol 

When mannitol was admin istered i ntravenously three hours after i ntraperitoneal injection of CTX 

the conduction parameters were u nchanged when compared with those recorded in CTX-treated 

animals  pr ior to mannito l .  I n  this in viva rat model  mannito l  therefore fai led to reverse the CTX

modif ied conduction parameters . 

The time f rame for th is experiment was chosen to ensu re that CTX wou ld  have been attached 

to the nerve by this t ime. This t ime frame was also an attempt to address the issue of a mannitol-
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i nduced reduct ion in  axonal oedema. Axonal oedema has been reported o n  nerve b iopsy i n  

humans with c iguatera poison ing by  several workers (Allsop e t  al . ,  1 986; Sozzi e t  a l . ,  1 988) . 

Recently Molgo (pers. comm . ,  I nternational Ciguatera Workshop,  Br ib ie I sland , 1 993)  us ing  

f l uorescence techn iques h a s  demonstrated that t h e  s u rface area of s i ngle f ibres i n c re ases 

fol lowing  the appl ication of CTX. 

Axonal  oedema is most l i kely a secondary phenomonen to the rapid i nfl ux of Na+ th ro u g h  the 

CTX-modified channels. The contribution of any such oedema to c iguatera symptomatology is 

not known. The role of nerve conduct ion in  cl in ical neuropathies inc lud ing those i nduced by 

neu rotoxic substances has meanwhi le been wel l  documented (Baker  & Lowndes, 1 986; Morgan , 

1 989) . More importantly a connection has been made between cl i n ical d istu rbances s u ch as 

paraesthesiae and an enhanced supern o rmal response (Ng et al . ,  1 987) . Cameron et al . ,  

( 1 991  a ,  1 99 1  b )  have documented a s i g n i ficant e n hancement i n  the supernormal response of 

mammals intoxicated by CTX. 

A reduct ion i n  the su rface area of the Schwa n n  cel l  was noted fol lowing  bathi ng  the f ib re i n  

mannitol (Molgo pers .  comm. ,  I n ternational Ciguatera Workshop, Br ib ie l salnd ,  1 993) . W h i l e  it 

can not be c la imed from resu lts of th is study that mann ito l fai ls  to reduce axonal oedema it is 

suggested that any such reduction does not impact on the CTX-modif ied nerve cond u ct ion 

parameters . I f  the effects of the tox in  on  n e rve conduction are not reversed it i s  d ifficu l t  to 

conceive that the symptomatology wi l l  be improved . 

To date al l  reports of cl i n ical improvement i n  c iguatera victims fol lowing  mannitol h ave been of 

an empir ical natu re . Double-masked stu d i es are cu rrently being planned although  results wi l l  

sti l l  be j udged according to subjective criteria (Palafox, pers .  com m . ,  I nte rnational C iguatera 

Workshop,  B rib ie Island , 1 993) . Nerve conduction studies are advantageous as a d iagnostic tool 

in that they provide quantitative i nformation about neu ro log ical function .  Recent ly n e rve 

conduction  studies have commenced on human ciguatera victims fol lowing  mannitol in fus ion . 

W hi le the numbers completed are smal l , the find ings have not been positive (B lythe pers . 

com m . ,  I nternational  C iguatera Workshop,  Br ib ie Is land , 1 993) . 

Mannitol was g iven three hours after CTX i n  the present study. Perhaps experiments of a longer 

tim e  f rame are warranted .  CTX-induced axonal oedema may not have occu rred in th is  t ime 

span . The oedema described by  Al lsop e t  al . ( 1 986) was documented fol lowing ne rve b iopsy 

performed several days after ciguatera intoxication . However Molgo (pers . com m . ,  I ntern at i onal  
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Ciguatera Workshop,  Brib ie Is land,  1 993) reported a maximal  increase i n  nerve f ibre s u rface 

area at three hours after immersing  in toxin .  

Post-mann ito l record ings i n  the present study we re conducted ten m i n utes after com p l et ion of  

manni to l .  This i s  consistent with reports from cl in icians that symptom improvement i s  immediate 

(occurring  with in  m inutes) and d ramatic (Palafox et a l . ,  J 988 ; Pearn et a l . ,  1 989) . 

Mann itol i s  regarded to be a safe therapy for c iguatera poison ing .  Few adverse react ions to 

mann i to l  have been reported i n  humans (one death has reportedly occu rred as a resu l t  of 

mismanagement) . The muscle contractions and seizures observed i n  rats do cause concern .  

In  iso lated p reparat ions of  h uman ai rways mannitol i nduced b ronchoconstriction  that was 

proportional to the magn itude of osmolarity (Jongejan et al . ,  1 990) . These authors i mp l ied that 

the s mooth muscle contract ion was due to mobi l isatio n  of in trace l l u la r  calci u m  as wel l  as ce l l  

shri nkage caused b y  mannitol . 

Mannito l  i s  capable of p roduci ng  complex sh i fts i n  body f lu ids  (Cloyd et al . ,  1 986) . M an nito l 

extracts water from cerebral f lu id and possibly shrinks endothel ial cel ls  thereby open ing  the tight  

junctions of the b lood-brain barrier (Rapoport et al . ,  1 980;  Lange ,  1 987) . Structu ral changes to 

the blood-bra in barrier  as wel l  as enhanced permeabi l i ty of p rote ins  have been docum ented in  

hyperosmolar  states (Sterrett et al . ,  1 974) . I t  is  conce ivable  that i ntracereb ra l  osmot ic sh i fts 

could be intensified by toxin-opened sod ium channels.  I n  an attempt to erad icate b ias the rats 

in this study were not given f lu id replacement. This may have contributed to the se iz u res  n oted 

in these animals .  Cloyd et al . ,  ( 1 986) nevertheless documented s im i lar  mann ito l  

pharamacokinetics i n  humans who were admin istered with maintenance i .v. f lu ids and dogs who 

were not g iven flu id  replacement.  

6.4.8 Ciguatoxin and Lig nocaine 

Lignocaine reversed the actions of CTX in a s imi lar  manner to the antagon ism described above 

for PbTx. 

Studies on neuroblastoma cells have demonstrated that CTX induces membrane depo la risat ion 

by increasing  Na+ permeabi l i ty (Bidard et al , 1 984) . These stud ies also found that CTX cau sed 
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spontaneous osci l l iations i n  the membrane polarisation levels ,  resu lt i ng i n  bursts of action  

potentia ls .  

The effects of  CTX on  the rat ne rve demonstrated in  th is study, i n  particu lar  the exagerrated 

supernormal  response , are com patib le  with a d istu rbance of sod ium channe l  function(Parken 

and Le Quesne ,  1 982; Takahash i  and Le Quesne,  1 984) .  

Local anaesthetic agents have been shown to  modify the electrical properties o f  nerve by 

increas ing the threshold for excitation which results in a reduction in impu lse conduction velocity 

and the rate of rise of the action pote ntia l .  Th is leads to an overal l  decrease and ult imate 

abol i ti on  of the nerve act ion potential ampl i tude (Hondeghem and M i l ler ,  1 987) . Local 

anaesthetics block Na+ permeabi l i ty through excitable membranes by occlud ing sod ium channels 

and also influenc ing the gating  p ropert ies of these channe ls .  Lignocaine  has been shown to 

d i ffuse through the nerve membrane i n  the neutral form and act i n  a charged protonated form 

on the axoplasmic s ide of the sodi u m  channel . 

The blockade of the sod i um channe l  by local anesthetic agents is strongly voltage and time 

dependent and the sod ium channel must fi rst be open for a block to develop. Consequently, the 

effect of l ignocaine is  more marked in states where axons are rapidly f i ri ng ,  such as in ciguatera 

poison ing . than in resting  axons .  

Previous stud ies examin ing the effects of  l ignocaine on  respi ratory and card iovascu lar systems 

of the cat and  gu inea p ig  have demonstrated that the effects of  CTX were largely reduced o r  

abol ished fol lowing the  adm in istration  o f  l ignocaine (Legrand e t  al , 1 985b) . 

There has been on ly  one report of the use of an anesthetic agent i n  acute c iguatera poisoning  

i n  h umans. G ross ( 1 960) , described a d ramatic symptomatic improvement i n  5 cases of acute 

ciguatera po ison ing .  These patients were i nadve rtently i nfused with p rocaine hydrochloride i n  

p lace of  t h e  p rescribed calciu m  g l uconate . When the m istake was recognised a n d  cal ci u m  

g l u co nate was subsequently given ,  there was a deterio ration in  the cl i n ical cond i tion o f  each 

victim .  The con d it ion of each victim again improved when p rocaine was reinstituted . Th is 

acc idental find ing  s uggests that local  anesthetic agents cou ld  plany an important role  i n  the 

treatment  of the acute symptoms of cigu atera poison ing .  
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Lange et  al . ,  ( 1 988) reported a beneficial response to the admin istrat ion of an oral form of 

l ignocaine (tocain ide) i n  3 victims  who were sti l l  complain ing of neu ro log ical  symptoms some 4 

. years after acute c iguatera poison ing .  One explanation for this is that local  anesthetic agents 

may also act by selectively blocki ng those sod i u m  channels which have been chron ical ly altered 

by CTX. 

This contro l led study in  the rat has demonstrated qu i te s ign ificant reversal and improvement of 

neurophysiological d isturbance in acute ciguatera poisoning with intraperitoneal l ignocaine using 

doses approxim ately equ ivalent to those used to p revent acute card iac arrhythmias ( 1  mg/kg) 

in humans.  

Lignocaine is  more conven iently and effectively admin istered v ia t h e  i nt ravenous route in  man 

and i s  also we l l tol e rated . Intravenous l i gnoca in e wou l d  therefore appear  to be a potential ly 

effective therapeutic agent on both theoretical and experimental bases in the treatment  of the 

neu ro log ica l  d i stu rbance in  acute ciguatera poisoning .  
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7.0 Conclusions, outcomes, and futu re di rections 

Both g rants reported u pon in th is document were i n itiated with the u ltimate view of provid ing 

bette r t reatment for the human vict ims of c iguatera poison i ng .  Two fundamental approaches 

were taken .  In one, the mechanisms used by f ish to avoid intoxication with CTX were reviewed 

in  hope that such mechanisms might p rovide some i nsight i nto how the progression of ciguatera 

poison ing  in mammals (especia l ly h umans) m ight  be modif ied . The second approach was to 

examine how possible therapeutic regimens, in mammals, modified the wel l  establ ished changes 

in the conduction parameters of mammal ian per iphera l  nerves that are in it iated by CTX. 

7.1 Studies in  Fish 

7.1 1 H istological studies 

H istolog ical  stud ies in f ish have confirmed that CTX produces changes at the ce l l u la r  level to a 

variety of t issues. Damage has been observed i n  the g i l l s ,  gut and l iver .  The h istopathologica l  

changes i n  f ish appear to be  species re lated with some species experiencing a h igher  degree 

of cel l u la r  and subcel l u la r  d isruption than othe r  species. The f ind ings reported in the cu rrent 

study also relate to d i ffe rent  batches of CTX and some of the variations observed may be due 

to  d ifferences in  the  composition of the  toxins .  Stud ies o n  CTX have been and continue  to be 

l imited by the supply o f  pure toxin o f  known composition . Small variations i n  the  structu re of CTX 

or i ts p recursors may lead to variations in i ts physiological and structu ral effects . This study was 

no except ion and rel ied o n extraction of CTX from smal l  amounts of toxic f ish obta ined from a 

variety of species or ig inating  from a wide geograph ic area . 

No attempt  was made to examine the location  of CTX i n  fish  t issues by immunocytochemical 

means when i t  was found  that immunocytochemical studies attempted in mammals were 

inconclus ive . lmmunocytochemical local isation of CTX may not be possible unti l a CTX specif ic 

antibody has been developed and even then the t issue attachment of CTX maybe such that the 

antigen is u n avai lable for coupl i ng  to a label led ant ibody. 

H istolog ical  studies on f ish have shown that f ish t issues are susceptible to CTX and damage may 

fol low CTX consumption .  The effects of CTX on the l iver ind icates that fat metabol ism is alte red 

and that s up pl ies of g lycogen are d im in ished . Some hepatic changes are suggestive of an 
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i ncreased prote in  synthes is .  Th is latter resu l t  when considered i n  the context of the resu l ts of 

the biochemical studies i n  fish  ind icates that CTX may induce p roduct ion of "protective l iver 

prote ins " .  Whi le fu rther general h isto log ica l  stud ies can be justif ied on  academic g rounds,  

specif ic stud ies co m b i n i ng hi stopath o logy and l i ver  b iochem istry may e lucidate p rote in  based , 

CTX protection  mechanisms i n  f ish .  

7.1 2 Toxicological studies 

Feed ing  experiments with Lutjanus carponotatus have shown that CTX when ingested by this 

f ish is absorbed and begins to be stored i n  ske letal muscle .  Not only is  the CTX absorbed and 

stored but  it produces behavioural changes i n  the f ish that are ind icative of the actions of CTX 

on nervous  tissue .  CTX obviously acts on  the fis h  nervou r  system.  Algal toxins produced by 

G. toxicus, on the other  hand , induced n o  behavioural changes and were not deposited i n  skeleta l  

muscle .  

The feeding experiments reported for  L carponotatus confirm that CTX can pass between troph ic 

levels i n  the food chai n .  The non accumu lation of G. toxicus toxins ind icates that predom inantly  

carnivorous species may not be ab le  to  b ioconvert the p recursors of CTX to CTX. In  order  to 

ga in a g reater knowledg e  of the movement of algal p recu rso r  toxins i nto the marine fish  food 

cha in i t  wou ld  be necessary to work with both herbivorous  f ish and marine invertebrates that 

contribu te to the food in take of commercial carnivo rous species .  Fu rthe r  work on  the 

b iochemistry of toxin bioconvers ion and the passage of CTX(s) through troph ic levels  wou l d  

assist i n  understand ing t he  d istribut ion of CTX in  commercial f ish species.  

7.1 3 Biochemical stud ies 

The most s ignificant finding of the comb ined g rants 87/058 and 88/029 came f rom biochemica l  

stud ies i n  fish .  A so lub le  p rote in  with a molecu lar  weight i n  the  range of 37,400 to  40,600 

Daltons was found to be associated with CTX i n  the skeletal muscle of Spanish mackerel which 

were shown to contain CTX. One of the f ish in which th is p rote in was found was su pp l ied by the 

N SW Health Department and had caused poisoni ng  d u ri ng  the 1 987 outbreak of ciguatera 

poison ing in Sydney. The occurrence of this solub le p rote in  in carrier fish appears to be induced 

by the presence of CTX, and by infe rence th is p rotein may offer some protection to the fish from 

the membrane actions of CTX. 

FRDC Report Grants 871058 and 88/029 MF Capra rn 



Ciguatera Poisoning 

The s ign i ficance of this finding is that the induced protein may form the basis of a s imple test for 

the p resence of CTX in fish .  To date, attempts to develop tests for the presence of CTX have 

rel ied u pon rais ing antibodies to CTX which is a smal l non protein  molecule (molecu lar weight 

approx 1 1 00 Daltons) . To raise antibodies to CTX, the toxin must be conjugated to a prote in .  

Tests developed us ing such CTX antibodies have been of  l i ttle value and g ive an unacceptable 

number  of both false positive and false negative resu lts . The development of a simple co lour 

change d ipstick type test for an induced prote in would be much more feasib le than the cu rrent 

experimental tests based on CTX - antibodies. Fu rther research in  this area cou ld  have 

enormous benefits for the Fish ing I ndustry in its attempts to ensure p roduct safety. P roduct 

safety wi l l  become increasingly important from both marketing and legal l iabi l ity view points .  

7.2 Studies in Mammals 

7.21 Histological studies 

These stud ies were in it iated in  an attempt to local ise the sites of CTX attachment with i n  the 

Central Nervous System of mammals .  The cerebel l um of mice was chosen as an appropriate 

mode l .  Attempts were made to use immunocytochemical  methods to localise b inding s i tes for 

CTX in the cerebel lum.  Unfortunately no conclusive results were obtained in  this part of the total 

study. It is concluded that this study would only be feasible if and when a specific CTX antibody 

becomes avai lab le .  Even if such an antibody were avai lable, cu rrent evidence suggests that 

CTX binds deep within the Na+ channel so that label led antibody visual isation methods may not 

be feasib le.  The membrane itself may form a barrier to the successful b inding of a CTX antibody 

to attached CTX molecu les. Further study in  th is area wou ld not seem to be justified , at present. 

7.22 Fish protective mechanisms and human therapy 

The h istologica l  and toxicological  stud ies on fish provided no d irect insight i nto mechanisms that 

may be usefu l for human therapy. As noted above the biochemical  studies on fish p rovided 

information that is h igh ly s ign ificant for potential testing of fish . At the present time the most cost 

effective way of m in im ising human intoxication may be the development of re l iable tests for toxic 

fish ,  thus p reventi ng  ciguatera poisoning rather than attempting to cure the victims by some form 

of therapy based on fish protective mechanisms. Alleviation of symptoms may be possib le us ing 

cu rrently avai lable therapeutic agents (Section 6.23) . I n  the long term , molecu lar techniques may 
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al low the cloning of the fish protective protein  to form some type of "pseudo-antibody' that can 

b ind toxin in victims of ciguatera poison ing .  Such an approach would not seem warranted at 

present g iven the lack of understanding of fish protective prote ins .  Fu rther work on  protective 

prote ins and the i r  role in  CTX detection wou ld seem to be more desi rable at present. 

7.23 Mannitol and ciguatera poisoning 

The primary objective in this part of the combined study was to determine if mannitol ,  an osmotic 

d iuretic, has any effect on the nerve conduction parameters that are altered by CTX. Extensive 

and wel l  control led experiments performed on rats, i n  th is study, fai led to show any reversal of 

the CTX induced changes in nerve conduction i n  the peripheral nerves of the rat. These CTX 

induced changes in rat nerves are essential ly identical to the changes observed by the authors 

in the peripheral nerves of human victims of ciguatera poisoning .  The reported mannitol induced 

reversals of symptoms in human victims of ciguatera poison ing has not been shown to have a 

physiological basis at the level of peripheral nerves. The actions of mannitol may be p lacebo in 

nature or  they may be mediated centrally or by action on unbound toxin .  Further work is needed 

if the physiolog ical actions of mannitol on the ciguatera syndrome are to be elucidate . 

Although no physiological basis for the actions of mannitol were establ ished,  two s ign ificant 

outcomes resulted from the project. Firstly, we establ ished that the d inoflagel late toxin ,  

brevetoxin ,  p roduced simi lar changes in nerve conduction parameters to ciguatoxin .  Brevetoxin 

is commercial ly avai lable and it may be usefu l i n  fu rther  e lucidation of the physiolog ical effects 

of CTX on h umans and also in the screening and testing of potential therapeut ic agents . 

Secondly, we found that the local anaesthetic agent, l ignocaine, was capable of reversing al l  of 

the major CTX induced changes in nerve conduction parameters . Cl in ical stud ies on l i gnocaine 

and related agents such as Mexiti l wou ld seem to be warranted , and should be pursued . 

7 .24 General outcomes 

Support from FRDC to the Queensland University of Technology Ciguatera Research G roup over 

the past ten years has contributed to the successful  comp letion of the theses and research 

papers l isted below. There are sti l l  several research papers in preparation and these wi l l  be 

publ ished over the next two years .  
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Theses and research papers produced at OUT (1 985 - 1 995) in  the area of ciguatera poison ing :  

• PhD Theses 

• Hahn ,  S.T. ( 1 991 ) "Toxinology of Ciguatera" .  

• Purce l l ,  C .E .  ( 1 994) "The Neural Effects of Ciguatoxin and Related Toxins" . 

• Masters Theses 

• Flowers, A. E .  ( 1 989) "The Effects of Ciguatoxin  on Teleost Nerves" .  

• Blanton, C .G .  ( 1 991 ) "The Histopathological Effects of Ciguatera Toxins on 

Fish and Mammalian Toxins" . 

• Research Papers 

• Cameron,  J. and Capra,  M . F. ( 1 991 ) Neurological stud ies on the effects of 

ciguatoxin on mammalian nerves. In D .M .  M i l ler  (Ed) Ciguatera Seafood 

Toxins. CRC Press, Boca Raton.  33-54. 

• Cameron ,  J., Flowers, A. E and Capra ,  M . F. ( 1 991 ) Electrophysiological 

stud ies on ciguatera poison ing in man (Part I I ) J.Neruo/. Sci. 1 01 :  93-97. 

• Cameron ,  J., Flowers, A. E and Capra, M . F. ( 1 991 ) Effects of ciguatoxin on 

nerve excitabi l ity in  rats (Part I ) .  J. Neurol. Sci. 1 0 1 :  87-92 . 

• Cameron ,  J. and Capra, M . F. ( 1 993) The paradoxical disturbances of 

temperatu re perception in ciguatera poisoning .  Clin. Toxicol. 31 : 571 -579.  

• Capra, M . F. and Cameron,  J. ( 1 991 ) Ciguatera in Austral ia. I n  D .M .  Mi l ler (Ed) 

Ciguatera Seafood Toxins. CRC Press, Boca Raton .  pp 33-54. 

• Capra, M . F. ,  Cameron ,  J. , Flowers , A. E . ,  Coombe, l . F . ,  B lanton , C .G .  and 

Hahn ,  S .T. ( 1 988) Proc. Sixth Coral Reef Symp. 3 :  37-4 1 . 

• Capra ,  M . F. and Cameron ,  J .  ( 1 992) Ciguatera poison ing .  I n  D .Watters , 

M . Haven , D .  Maguine and J . Pearn (Eds) Toxins and Targets. Harwood 

academic publ ishers ,  Read ing .  

• Capra, M .F . ,  Flowers , A. E .  and Cameron ,  J .  ( 1 987) The effects of ciguatoxin 

on the rate of Na+ efflux in  unmyel inated olfactory nerves in teleosts .  I n  

P .Gopal iakrishnakone a n d  C. K. Tan (Eds) Progress in Venom and Toxin 

Research. 41 8-422. Un iversity of Singapore ,  Singapore .  
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• Capra, M.F .  and Cameron,  J. (1 985) The effects of c iguatoxin on mammal ian 

nerves. Proc.Fifth . lnt. Coral Reef Cong. 4:  457-46 1 .  

• Coombe, l . F . ,  Capra, M .F . ,  Flowers ,  A.E.  and Cameron ,  J. ( 1 987) Patholog ical 

changes to the mammal ian gut fol lowing admin istration of ciguatoxin .  

Proceedings of  the First Asia Pacific Congress on  Animal, Plant and Microbial 

Toxins. Singapore .  405-4 1 O.  

• 

• 

• 

• 

FRDC Report 

Flowers, A . E . ,  Capra,  M . F. and Cameron,  J. ( 1 987) The effects of ciguatoxin 

on nerve conduction parameters i n  teleost fish .  I n  P .Gopalakrishnakone and 

C .K. Tan. (Eds) Progress in Venom and Toxin Research. University of 

Singapore Press , Singapore.  4 1 1 -4 1 7. 

Flowers, A. E . ,  Capra,  M . F. and Cameron , J. ( 1 992) The effects of c iguatoxin 

on the nerves of the Teleost f ish ,  S i l lago.c i l iata. Natural Toxins. 1 :  1 26-1 35. 

Hahn ,  S.T. and Capra, M .F. ( 1 992) The cyanobacteriu m  Oscillatoria erythreae 

- a potential source of toxin in the ciguatera food-chain .  Food Contaminants 

and Additives. 9:  351 -355. 

Hahn,  S.T. , Capra, M .F. and Walsh ,  T.P.  ( 1 992) Ciguatoxin-protein association 

in skeletal muscle of Spanish mackerel ( Scomberomorous commersom) 

Toxicon. 30: 843-852. 
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