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Preparation of this document

At its 25th session held in Alesund, Norway, from 3 to 7 July 2002, the Codex
Committee on Fish and Fishery Products (CCFFP) requested the Food and Agriculture
Organization of the United Nations (FAO) and the World Health Organization
(WHO) to provide scientific advice on biotoxins in conjunction with its work for
developing Standards for Live and Processed Bivalve Molluscs. The CCFFP, at its 26th
session held in Alesund, Norway, from 13 to 17 October 2004, elaborated further the
following specific questions to be covered through this advice:

* Provide scientific advice to the CCFFP to enable the establishment of maximum
levels in shellfish for shellfish toxins.

® Provide guidance on methods of analysis for each toxin group.

® Provide guidance on monitoring of biotoxin-forming phytoplankton and bivalve
molluscs (including sampling methodology).

® Provide information on geographical distribution of biotoxin-forming marine
phytoplankton.

FAO, WHO and the Intergovernmental Oceanographic Commission of UNESCO
(IOC) agreed to organize an Expert Consultation to address this request. First, a joint
FAO/IOC/WHO workshop on biotoxins in bivalve molluscs was held in Dublin,
Ireland, from 22 to 24 March 2004, to identify the scope, content of the work,
candidates for the electronic drafting groups and information needed for compiling
scientific advice to be discussed at the Expert Consultation.

In May 2004, three virtual working groups (WGs) were established to examine
available data and information and to develop drafts for technical documents on:
1) analytical methods (Chair: Dr Philip Hess; Rapporteur: Dr Patrick Holland);
2) toxicological aspects (Chair: Dr Tore Aune; Rapporteur: Dr Tine Kuiper-Goodman);
and 3) marine biotoxin management programmes (Chair: Mr Phil Busby; Rapporteur:
Mr David Lyons).

The Expert Consultation met in Oslo, Norway, from 26 to 30 September 2004, to
review the technical documents and prepare the report for the CCFFP. The Expert
Consultation appointed Mr Phil Busby as Chairperson and Dr Jim Lawrence as
Rapporteur. The experts were selected according to their scientific and technical
expertise and to provide a balanced geographic distribution.

The draft report of the Oslo Expert Consultation was posted on the FAO Web site
and presented at the 27th session of the CCFFP, held in Cape Town, South Africa, from
28 February to 4 March 2005. At that session, the CCFFP decided to establish a WG,
chaired by Canada, that would work between the 27th and 28th sessions to examine the
report from the Joint FAO/WHO/IOC Expert Consultation on Biotoxins in Bivalve
Molluscs and prepare a discussion paper for consideration by the CCFFP with the
following terms of reference:

e Assess how the CCFFP might use the expert advice and make recommendations
with respect to approaches that the CCFFP could consider to integrate the
advice into the Proposed Draft Standard for Live and Raw Bivalve Molluscs and
the Section of the Code on Live and Raw Bivalve Molluscs.

¢ Identify new questions that the CCFFP may wish to pose to FAO/WHO.

e Identify areas in the report that may need further clarification.

e As appropriate, make recommendations on the validation of methodology
(e.g. such as identifying other international organizations that are working in
this area).



e As appropriate, make recommendations on possible changes to the Proposed
Draft Standard for Live and Raw Molluscs and the Section of the Code on Live
and Raw Bivalve Molluscs arising from the expert advice and other issues arising
from the deliberations of the WG.

The WG - composed of Canada (Chair), Belgium, Chile, the European Community,
France, Ireland, Japan, Mexico, the Netherlands, New Zealand, Norway, Spain,
Thailand, the United Kingdom of Great Britain and Northern Ireland, the United
States of America, Viet Nam and FAO - met in Ottawa, Canada, from 10 to
12 April 2006 to review a Discussion Paper prepared by Canada. This Discussion
Paper provided an assessment of the Report of the Joint FAO/WHO/IOC Expert
Consultation on Biotoxins in Bivalve Molluscs and made recommendations on
standards and information to be included in the draft Codex Standard and Code of
Practice on Bivalve Molluscs.

The WG report was examined by the CCFFP at its 28th session held in Beijing,
China, from 18 to 22 October 2008. Most of the WG recommendations were used
to finalize the biotoxins sections of the draft Code of Practice and Standard on Live
and Raw Bivalve Molluscs. Both were advanced to Step 5 of the Codex procedure for
adoption. They were further advanced to Step 8 at the 29th session of the CCFFP, held
in Trondheim, Norway, from 18 to 23 February 2008, and were adopted by the 31st
session of the Codex Alimentarius Commission (CAC) held in Geneva, Switzerland,
during the period 30 June—4 July 2008, except for the Proposed Draft List of Methods
for the Determination of Biotoxins in the Draft Standard for Raw and Live Bivalve
Molluscs, which is being re-examined by an electronic WG led by Canada, with the
view to developing performance criteria to assess the currently available analytical
methods for biotoxins.

In order to satisfy the many requests received by FAO to disseminate the
information collected over these years since 2004, the data and information available
were edited and updated in 2009 and are presented hereafter in various chapters that
compile scientific and technical information necessary for risk assessment, monitoring
and surveillance programmes, and illustrate how CCFFP used international expertise
to advance and finalize international standards for bivalve molluscs.

All papers have been reproduced as submitted.



Abstract

The present document compiles the scientific information collected by the experts
for the Joint FAO/IOC/WHO ad hoc Expert Consultation on biotoxins in bivalve
molluscs held in Oslo, Norway, 26-30 September 2004 to answer the request of
scientific advice expressed by the Codex Committee for Fish and Fishery Products
(CCFFP). In order to satisfy the many requests received by FAO to disseminate
the information collected over these years since 2004, the data and information
available were edited and updated in 2009. The document is organized in three main
parts that present scientific and technical information necessary for risk assessment,
monitoring and surveillance programmes and, in addition, illustrate how the CCFFP
used international expertise to advance and finalize international standards for bivalve
molluscs.

PartI is introductory and presents general information on the shellfish toxins
selected for their involvement in poisoning events or their bioactivity observed in
laboratory animals in combination with their repeated occurrence in shellfish, their
physicochemical characteristics and their biogenetic, microalgal origins. It also
provides data on bivalve mollusc production and trade and poisoning caused by bivalve
molluscs. Consideration is given to the complex chemical nature of phycotoxins
that results in many difficulties in obtaining sufficient quantities of all analogues
and hampers the development and validation of methods for the evaluation of their
toxicity and efficient control of limits. These difficulties and their impact on consumer
protection and shellfish production are further discussed.

The interactions between risk evaluation and risk management as integral parts of
risk analysis are outlined in the last section of Part I. While these general principles
make the Codex approach very clear, it must be noted that specific risk analyses are
far from trivial, in particular because of the frequent lack of data on toxin analogues,
relative toxicities, exposure and epidemiology. This lack in data often makes risk
assessments provisional and requires frequent review of the assessment and the
management options derived.

Part IT compiles the toxin group monographs prepared by the experts for the Expert
Consultation and updated in 2009. The toxins were classified into eight groups based
on chemical structure: the azaspiracid (AZA) group, brevetoxin (BTX) group, cyclic
imines group, domoic acid (DA) group, okadaic Acid (OA) group, pectenotoxin (PTX)
group, saxitoxin (STX) group, and yessotoxin (YTX) group. The reason for this was
that for enforcement of Codex standards, chemical classification is more appropriate
for analytical purposes than classification based on clinical symptoms. Each toxin
monograph contains the following subsections:

e background information;

e origins and chemical data;

* biological data;

e analytical methods;

* levels and patterns of contamination of bivalve molluscs;

* dose response analysis and estimation of carcinogenic risk;

e evaluation;

* references.

Part II is completed by the summary of the FAO/IOC/WHO Expert Consultation.
One of the conclusions of the Expert Consultation is that decisions made on the
safety of shellfish can only be based on the direct measurement of toxins in shellfish
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flesh; however, an integrated shellfish and microalgal monitoring programme is highly
recommended to provide expanded management capability and enhanced consumer
protection.

The summary of the Expert Consultation also includes the replies to specific
questions posed by the Codex Alimentarius and the recommendations to Member
States, FAO, WHO and Codex. Three appendixes provide additional scientific
information:

e Appendix 1 presents the concepts of marker compounds and relative response
factors (RRFs). In this discussion paper, the definitions, practicality and
limitations in use of marker compounds and RRFs are examined in the context
of analysis for marine biotoxins in shellfish.

e Appendixes 2 and 3 present more detailed considerations about the marine
biotoxin action plan and the role and design of phytoplankton monitoring
in harmful algal bloom (HAB) programmes, from the documents collated by
Working Group 3 of the Expert Consultation in 2004.

Part IIT illustrates how the Codex Alimentarius handled and used the expert
recommendations for the management of the risk of biotoxins in bivalve molluscs.
Three documents are provided:

e Report of the Working Group on assessing advice from the ad hoc expert

consultation on biotoxins in bivalve molluscs;

e Codex Code of Practice for Processing Live and Raw Bivalve Molluscs;

e Codex Standard for Live and Raw Bivalve Molluscs.

Lawrence, J.; Loreal, H.; Toyofuku, H.; Hess, P.; Karunasagar, I.; Ababouch, L.
Assessment and management of biotoxin risks in bivalve molluscs.
FAO Fisheries and Aquaculture Technical Paper No. 551. Rome, FAO. 2011. 337 pp.
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Introduction

The area of shellfish toxins is of equal importance to consumers and producers of
shellfish, as well as to regulators of food safety. In this introduction, an attempt is
made to describe in brief the nature of the source organisms and the toxins involved,
the difficulties encountered in protecting the consumer, and the challenge of producing
safe shellfish.

First of all, it should be noted that marine biotoxins are naturally produced
compounds. The term phycotoxin indicates natural metabolites produced by unicellular
microalgae (protists). Most phycotoxins are produced by dinoflagellates although
cyanobacteria have also been reported to produce saxitoxin (STX), and domoic acid
(DA) is produced by diatoms. Some of the toxins have initially been identified in
associated organisms, e.g. okadaic acid (OA), which was initially identified in the
sponge Halichondria okadaii (Tachibana et al., 1981), or palytoxin (PLTX) in the
soft coral Palythoa toxica (Moore and Scheuer, 1971). Through accumulation in the
food chain, these toxins may concentrate in a variety of marine organisms, including
filter-feeding bivalves, burrowing and grazing organisms (tunicates and gastropods) as
well as herbivorous and predatory fish.

Human poisoning resulting from ingestion of seafood contaminated by phycotoxins
has occurred in the past, and historical records as well as the habits of some populations
in coastal and tropical areas show that harmful algal blooms (HABs) are naturally
occurring events (Hallegraeff, 2004). In the last 30 years, HABs have attracted
increasing attention from the scientific community and society. The occurrence of
episodes of human poisoning resulting from ingestion of toxic seafood involving tens
or hundreds of people in several areas of the world (Hallegraeff, 2004) has certainly
called for more attention on HABs and their consequences on human health. The
increased awareness has then supported more research efforts in the area, which are
contributing to a better understanding of HABs and contamination of seafood by
algal toxins. The accumulation of information in this field has led to the conclusion
that a global increase in HABs and seafood contamination is under way, and more
effective and complex measures to prevent human intoxications have been developed
and implemented worldwide. The increased recording of occurrence of toxic algae
and HABs in coastal waters in several areas in the world is certainly a result of greater
attention being paid to the phenomenon. Other factors, however, are being recognized
as contributing to the increasing frequency of HAB outbreaks, their appearance in
areas of the world where they had not been recorded in the past, as well as the intensity
and duration of HABs, with their possible consequences on seafood contamination
and human intoxications/poisoning (Hallegraeff, 2004). The factors proposed as being
involved in the global increase in HABs include: eutrophication of coastal waters as a
consequence of increased aquaculture and fertilizer runoff from agriculture, as well as
other economic activities linked to urbanization, changes in climatic conditions, and
the transportation of toxic algae and their cysts from one coastal area to another as a
consequence of their presence in the ballast water of ships or through the movement
of shellfish stocks (Hallegraeff, 2004). Furthermore, a 2006 meta-analysis of published
data and historical records provided indications that the regional loss of species
diversity and ecosystem services in coastal oceans increases the occurrence of algal
blooms (Worm et al., 2006).
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Thus, HABs and the contaminations of seafood represent relevant social issues
because of the problems they pose to human health, economic activities, recreation
and tourism.

1. SHELLFISH TOXINS AS NATURAL PRODUCTS

Because marine biotoxins are naturally produced compounds, different algae may
produce different analogues (slight variation of the main structure) and different
profiles (relative composition of analogues). Therefore, similar to other anthropogenic
contaminants, most groups of marine toxins have also many analogues. However,
because they are naturally produced, many enzymatic systems in nature are capable of
metabolizing them. This characteristic puts them in contrast to synthetic compounds
such as polychlorinated biphenyls and other industrial chemicals, many of which are
extremely stable compounds for which nature has no metabolic processes foreseen.
Thus, between naturally produced analogues and metabolites of these, marine
biotoxins constitute a vast array of bioactive chemicals.

The toxins described in the corresponding eight main chapters in Part II represent
a range of marine biotoxins selected for their involvement in poisoning events or
their bioactivity observed in laboratory animals in combination with their repeated
occurrence in shellfish. These eight groups display a wide-ranging chemical diversity.
From a natural products or biosynthesis point of view, the compounds described
belong to several classes including amino acids (DA), alkaloids (STX) and polyketides
(all others). Therefore, algal toxins are often referred to as small molecules. Thus, the
selection of toxins excludes all compounds that are typically referred to as natural
polymers (proteins, carbohydrates, nucleic acids). Indeed the molecular weight of
most phycotoxins typically ranges between 300 and 1 500 daltons; nevertheless, some
other compound groups, also classified as phycotoxins, such as PLTXs and maitotoxins
(MTXs) are very sizeable molecules of 2 677 and 3 422 daltons, respectively. The
chemical nature and molecular size classification distinguish phycotoxins from the
very large group of venoms from snakes, spiders or cone snails, which are typically
very potent mixtures of proteinaceous toxins. Table 1 gives an overview of some
characteristics of the compound groups discussed in the specific sections.

The complex chemical nature of phycotoxins results in many difficulties in
obtaining sufficient quantities of all analogues and hampers the development and
validation of methods for the evaluation of their toxicity and efficient control of limits;
these difficulties and their impact on consumer protection and shellfish production are
further discussed below.

2. ALGAL TOXINS AND BIVALVE MOLLUSCS
Shellfish toxins are produced by algae that are consumed by bivalve molluscs as part of
their natural diet. Thus, toxins are accumulated actively by shellfish and concentrated
in the hepatopancreas (HP) of bivalves, their digestive organ. The factors influencing
this accumulation are studied intensively. Although some toxins are accumulated very
regularly by specific shellfish species in some areas, prediction of contamination levels
in general remains very challenging because of a number of factors:
e Factors related to the occurrence of algae:
— physical parameters: weather and climate-related parameters
(temperature,  wind, light  conditions), hydrography;
—  chemical parameters: nutrient nature and availability (e.g. eutrophication),
oxygen availability, anthropogenic pollution, ocean acidity;
- biological parameters: evolution of algal community structure,
occurrence  of  grazing and  parasitic = micro-organisms.
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e Factors related to shellfish:

- cultureconditions: bottom- or rope-growth of mussels, subtidal orintertidal
growth, water depth (and mixing of water column), maintenance of
support structures (biofouling may nurture growth of toxic benthic algae);

—  filtration: feeding status, species-specific filtration rates and selectivity,
micro-organisms affecting shellfish (pathogenic bacteria and viruses,
algae and cyanobacteria affecting shellfish, nuisance organisms);

- metabolism: species-specific differences, metabolic changes in bivalves as a
result of seasonal variation, reproduction status and environmental stress.

TABLE 1
Physicochemical characteristics of marine biotoxins
Molar i
Toxin Chemical class Formula q absorbance pKaj 34 Lipophilicity
weight . 23
maxima (nm)

Saxitoxin Tetrahydro-purine  C;,H;;N,;0, 299 N/A 8.1, 11.5 Hydrophilic
alkaloid

Domoic acid Cyclic amino acid, Cy5H,:NOg 311 242 2.1,3.7, Hydrophilic
3 Carboxy groups 5.0, 9.8

Okadaic acid Polyether, CasHesO13 804 N/A 4.9* Lipophilic
Spiro-keto
assembly

Azaspiracid Polyether, Cy7H:NOy, 841 N/A 5.8, N/R*  Lipophilic
Second amine,
3-spiro-ring

Pectenotoxin-2 Polyether, Cy7H70014 858 235 N/A* Lipophilic
Ester
Macrocycle

Gymnodimine Cyclic imine, C3,HisNO, 507 N/A N/R Lipophilic
Macrocycle

Prorocentrolide Cyclic imine, Cs6HgsNO4 3 979 N/R N/R Lipophilic
Lac-tone
Macrocycle

13dm-spirolide ¢ Cyclic imine, CsHgiNO, 691 N/A N/R Lipophilic
Macrocycle

Yessotoxin Ladder-shaped Cs5Hg,0,4S; 1140 230 N/R, 6.9*  Amphiphilic
polyether

Brevetoxin-b Ladder-shaped CsoH70014 894 208 N/A Lipophilic
polyether

* Fux and Hess (unpublished observations) determined chromatographically (for YTX) that pKa1 was too low to be
determined chromatographically, pKa2 is given; for AZA only one pKa was determined). N/A = not applicable, N/R
= not reported.

Many of the above parameters are inter-related and result in very complex and
changing scenarios. For instance, duration of contamination may be related to season,
and the occurrence of the same alga in summer may lead to shorter contamination
episodes than its occurrence in autumn or winter.

While many of the factors affecting shellfish can be actively managed, in particular
those related to culture techniques and conditions, many factors affecting the
occurrence of algae are impossible to control and difficult to predict. As temperature
and light conditions affect the growth of algae directly, many models for prediction
are based on those parameters. However, the forecasting capability of these models
remains limited because of the poor ability to forecast weather for more than one week,
which is generally not sufficient warning for the shellfish industry to change harvest
patterns or to relocate large quantities of shellfish. In addition, prediction models have
difficulty in incorporating the biological parameters, in particular interannual variations
in the phytoplankton community structure and occurrence of parasitic organisms of
microalgae or conditions leading to significant cyst formation and hatching.

Significant differences in accumulation level and detoxification rate may appear
between shellfish species, probably related to differences in metabolism, filtration rates
and selectivity in the filtration of the algal food. These species-specific differences can
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be established, and appropriate selection of species can be made to avoid the impact of
certain toxic algae in specific areas.

Although for many toxins the producing algae are now known (Table 2), the
causative relationship is not always clear and often requires many years of intense
study. Examples of such studies are the confirmation of Protoceratinm reticulatum as
a causative organism of yessotoxin (YTX) by Satake et al. (1999), or the discovery of
Azadinium spinosum as a producer of azaspiracid (AZA) (Tillmann et al., 2009).

TABLE 2
Toxins and their biogenetic, microalgal origins*
Toxin group Abbreviation Algae associated
Azaspiracid AZA Azadinium spinosum
Brevetoxin-b BTX Karenia brevis
Domoic acid DA Pseudo-nitzschia spp.**
Gymnodimine GYM Karenia selliformis
Okadaic acid OA Dinophysis spp.**, Prorocentrum spp.**
Palytoxin PLTX Ostreopsis spp.**
Pectenotoxin-2 PTX Dinophysis spp.**
Prorocentrolide PCL Prorocentrum spp.**
Saxitoxin STX Alexandrium spp.**, G. catenatum, P. bahamense
13-DM spirolide C SPX Alexandrium ostenfeldii
Yessotoxin YTX P. reticulatum, L. polyedrum, G. spinifera

* For a complete list of harmful algae and associated toxins, see: www.marinespecies.org/hab/index.php.
** Denotes the plural of species, i.e. several species of the indicated genus are reported to produce toxins from this
group.

3. BIVALVE MOLLUSCS, A GROWINGLY USED FRESH RESOURCE

In 2007, bivalve molluscs represented almost 10 percent of the total world fishery
production, but 26 percent in volume and 14 percent in value of the total world
aquaculture production. World bivalve mollusc production (capture + aquaculture) has
increased substantially in the last 50 years, going from nearly 1 million tonnes in 1950
to about 14 million tonnes in 2007 (Figure 1).

China is by far the leading producer of bivalve molluscs, with 9.1 million tonnes
in 2007, representing 65 percent of the global molluscan shellfish production and
76 percent of the global bivalve mollusc aquaculture production. All of the Chinese
bivalve production is cultured. Chinese bivalve mollusc production has skyrocketed
during the last 30 years, from a mere 178 000 tonnes in 1970. The increase was
particularly strong in the 1990s, with an average growth rate of 17.6 percent per
year. Other major bivalve producers in 2007 were Japan (797 200 tonnes), the United
States of America (764 000 tonnes), the Republic of Korea (535 000 tonnes), Thailand
(386 000 tonnes), France (234 000 tonnes) and Spain (228 000 tonnes).

By species, total bivalve mollusc production in 2007 consisted of 36.0 percent of
clams, cockles and arkshells, 35.2 percent of oysters, 14.3 percent of mussels and
14.6 percent of scallops and pectens, with an impressive growth in the production of
oysters, clams, cockles and arkshells since the early 1990s (Figure 2).

The growth in bivalve mollusc production is mainly a result of the increase in
aquaculture production. World bivalve mollusc aquaculture production grew from
more than 3.3 million tonnes in 1990 to nearly 12 million tonnes in 2007, with
an average growth rate of 5.6 percent per year during this period. In 2007, about
85.7 percent of total bivalve production in the world (12 million tonnes) was cultured,
including 97 percent of oyster production, which originated from aquaculture. This
share was 95 percent for mussels, 84 percent for clams, cockles and arkshells, and
67 percent for scallops and pectens (Figure 3).
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FIGURE 1
World bivalve mollusc production, 1950-2009
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Source: FAO Fisheries and Aquaculture Information and Statistics Service, 2011a and 2011b.

FIGURE 2
World bivalve mollusc production by species, 1950-2007
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FIGURE 3
Share of aquaculture and capture by species of bivalve molluscs in 2007
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The increase in bivalve mollusc production was driven by international demand
since the early 1990s. Total bivalve trade expanded continuously over three decades to
reach US$1.87 billion in 2006. Scallops are the most important species with 38 percent
of value, followed closely by mussels (33 percent). Clams and oysters are relatively less
important. The share of scallops remained stable over the years, while the importance
of mussel trade increased at the expense of clams (Figure 4).

FIGURE 4
World exports of molluscan shellfish by species, 1976-2008
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Bivalve molluscs, especially oysters, are consumed raw in most countries, and many
are marketed as live bivalve molluscs. Because it is difficult to preserve live shellfish
outside their natural environment, this also results in the need for rapid assessment of
their sanitary safety.

Factors affecting the occurrence and accumulation of toxic algae cannot be
controlled, and the prediction of toxic algae has severe limitations. Therefore, and
because there is a very strong need to market shellfish as a live product, management
practices for safe bivalve mollusc production are very specific. Official control of
shellfish safety is mostly conducted on live shellfish, i.e. through regular, continuous
surveillance of shellfish growing areas. This principle allows for production of live
bivalve molluscs and also saves naturally contaminated shellfish from being harvested
and going to waste; instead, contaminated shellfish are left to detoxify naturally in their
growing waters. This practice is limited by loss of shellfish through natural mortality
(typically problematic in summer) but also through specific culture techniques, such
as loss of mussels from rope cultures during autumn storms. In addition, natural
depuration may sometimes be prolonged over periods of several months, and thus
extended closures of production zones result in significant production losses for these
periods, which is generally detrimental for any business operator.

Because many algae are known to be the source organisms of toxins, phytoplankton
monitoring complements official control of shellfish harvesting areas in many countries.
Even though this practice is labour-intensive, it enables rapid (often voluntary)
closures of shellfish production areas, thus providing additional consumer protection
and reduction of production losses to the shellfish industry. Phytoplankton samples
are gathered by sampling discrete water depths or the entire water column; it should be
noted that the representativeness of samples is usually poor, unless the water column
is well mixed; even in those cases, water masses tend to move with tides, and plankton
occurrence has been described as patchy. Therefore, most managers of shellfish areas
only consider information from phytoplankton monitoring to be relevant if the result
indicates the presence of potentially toxic algae or blooms.

Shellfish and phytoplankton monitoring is typically conducted weekly during
high risk periods, and reduced to lower frequency during low risk periods. Several
countries, for instance France, Ireland and Spain, have considered higher frequency
monitoring, i.e. twice weekly, for certain areas to allow for more rapid opening of
shellfish areas after toxic events; however, it remains questionable whether this practice
provides significant benefits compared with the additional effort spent, and whether it
is in the interest of consumer safety. It should also be noted in this context that official
monitoring of shellfish is often limited in terms of representativeness of the samples
gathered. Often, a single shellfish sample of 5 kg shellfish is taken from areas that can
cover as much as several square kilometres and contain often several hundred tonnes
of shellfish. Thus, effective shellfish production area management relies heavily on time
trend series, and rapid opening of areas is typically considered risky because of single
samples not being considered representative. In the European Union (EU), official
control therefore requires two consecutive samples to be negative before an area may
be re-opened (sampled at least 48 hours apart).

Different techniques are used to increase the shelf-life of bivalve molluscs. Such
techniques include freezing, cooking, canning, sterilization, cold storage, packaging
under modified atmosphere and high-pressure treatments. Some of these processes
mean that shellfish stay alive for longer periods, e.g. cold storage and packaging under
modified atmosphere, and these processes are interesting because they increase the
delay during which a product must reach the market. Hence, they also allow for more
time to test the product safety before it is sold and eaten. The harsher treatments allow
the shelf-life to be increased to up to two years, and thus reduce risk of toxic product
reaching the market. However, these products can also be shipped much farther,
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and the problem of product control has become truly global for the whole diversity
of natural toxins. Therefore, in addition to the monitoring of shellfish harvesting
areas, most countries also conduct official control of imported shellfish products, in
particular for products from intercontinental trade.

4, SHELLFISH POISONING

The methods used for the detection of phycotoxins have historically been mainly
influenced by the lack of knowledge of the exact causative agents. Without exact
knowledge of all toxicologically relevant chemical entities, it is difficult to develop
and validate specific, quantitative methods of analysis. In the early stages of test
development, it was not even clear whether illness was caused by chemical or
microbiological agents (Virchow, 1885; Wolff, 1887). Because of this lack of knowledge
on the causative agents, early classifications of shellfish poisons were based on the
symptoms experienced by humans following consumption of contaminated shellfish.

Four categories are distinguished:

e paralytic shellfish poisoning (caused by STX and tetrodotoxin);
® neurotoxic shellfish poisoning (caused by brevetoxins);

e diarrhoeic shellfish poisoning (caused by OA);

e amnesic shellfish poisoning (caused by DA).

Recently, AZA shellfish poisoning was discovered as a fifth category of shellfish
poisoning (McMahon and Silke, 1996; Satake er al., 1998); the symptoms resemble
those of diarrhoeic shellfish poisoning. Ciguatera and tetrodotoxin poisoning are other
types of diseases associated with seafood, but these illnesses mostly arise from the
consumption of fish, and are not further discussed in this context.

The exposure route for shellfish poisoning is through the consumption of shellfish.
However, other routes of exposure such as through skin contact and inhalation have
been observed for specific algal toxins; these include mainly brevetoxins (BTXs)
and PLTXs. The main interest in this introduction is on the exposure through
consumption of molluscan bivalve shellfish. From a medical point of view, it is now
clear that the symptoms of these poisoning syndromes can be easily distinguished
from microbiological poisoning by bacteria or viruses through the earlier onset: most
bacterial or viral infections require incubation periods of 12-24 hours before sickness
is experienced by shellfish consumers, while illness from shellfish toxins typically
occurs as early as 30 minutes after consumption (in the case of STX or tetrodotoxin)
or 2—4 hours (for most of the other compound groups).

Paralytic shellfish poisoning (PSP) has been reported worldwide (FAO, 2004). Mild
symptoms include altered perception (burning or tingling sensation and numbness of
the lips, which can spread to the face and neck), headache, dizziness and nausea. More
severe symptoms include incoherent speech, a progression of altered perception to
arms and legs, a progressive loss in the coordination of limbs and general weakness.
Respiratory difficulty is a late symptom, as a consequence of muscular paralysis
progressing in the whole body, and death may be the outcome of PSP by respiratory
paralysis (Gessner and McLaughlin, 2008).

Brevetoxins are the causative agents of neurotoxic shellfish poisoning (NSP), which
may ensue after both inhaling aerosol containing the toxins and as a consequence of
ingestion of contaminated seafood. When poisoning is through the respiratory tract,
the exposure usually occurs on or near the waters where a bloom of BTX producers
has developed. Neurotoxic shellfish poisoning has been recorded primarily in the
southeast coast of the United States of America, the Gulf of Mexico and New Zealand
(FAO, 2004; Gessner and McLaughlin, 2008; Ishida et al., 1996). The symptoms that
result from contaminated shellfish appear after minutes or hours from its ingestion, and
they are more severe than those found when contaminated aerosol is involved. In the
former case, symptoms are both gastrointestinal (GI) (nausea, diarrhoea and abdominal
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pain) and neurological (circumoral paresthesia and hot/cold temperature reversal). In
more severe cases, the muscular system (altered heart contractions, convulsions and
respiratory difficulties) may be affected. Death from NSP has never been reported
in humans, and symptoms resolve within a few days after exposure to the toxins
(FAO, 2004; Gessner and McLaughlin, 2008).

The contamination of seafood by OA and related compounds is very common
in European and Asia-Pacific countries (FAO, 2004). The symptoms of diarrhoeic
shellfish poisoning (DSP) appear within one hour from ingestion of contaminated
seafood, and affect the GI tract with nausea, vomiting, abdominal cramps and diarrhoea
(FAO, 2004). The symptoms do not last long and usually disappear within a few days.
No death has been recorded because of DSP.

The symptoms because of ingestion of DA contaminating shellfish appear within
the first few hours from its ingestion, and in most severe cases, may persist for months
(Perl et al., 1990; Quilliam and Wright, 1989; Teitelbaum et al., 1990). Initial symptoms
affect the GI tract with nausea, vomiting, abdominal cramps and diarrhoea. These
are followed by headache and other neurological symptoms, which often result in
disturbances to memory, an effect that has led to the naming to this shellfish poisoning.
In most severe cases, death may ensue. The neurological symptoms of amnesic
shellfish poisoning (ASP) have been shown to evolve in the weeks (months) following
poisoning, and anterograde memory disturbances can be accompanied by confusion,
disorientation, peripheral nerve damage and changes in memory threshold.

The symptoms of azaspiracid poisoning (AZP) in humans are very similar to those
described for DSP, including nausea, vomiting, abdominal cramps and diarrhoea, which
disappear within a few days from the ingestion of contaminated shellfish (McMahon
and Silke, 1996).

Overall, it is difficult to assess the true occurrence of shellfish poisoning in the
human population, as for most diseases. Gastrointestinal disturbance as such is not
a notifiable disease in many countries, and because of the rapid disappearance of the
GI symptoms many shellfish consumers do not even declare the illness to a medical
doctor. However, in some cases, in particular when many people fall sick from the
consumption of traceable lots of shellfish, the illnesses can be properly diagnosed as
shellfish poisoning. It is mostly these cases that are used in the assessment of how
much toxin will start to cause symptoms in shellfish consumers. In the United States
of America, in the period from 1990 to 1998, PSP outbreaks were responsible for
about 20 percent of seafood-borne diseases traced to molluscan shellfish (FAO, 2004).
Frequent low incidences of shellfish toxins, many of which are not reported or are
under-reported, are sometimes overshadowed by large-scale incidences where several
tens or hundreds of people become ill (see also Table 3).

TABLE 3
Large-scale shellfish poisoning incidents
Poisoning Nc(;s:: Shellfish species Location of illness References
PSP 187 clams (A. kindermanii) Guatemala Rodrique et al., 1990
NSP 48  eastern oyster North Carolina, United Morris et al., 1991
(C. virginica) States of America
DSP 164  mussels and scallops Japan yasumoto, Oshima and
Yamaguchi, 1978
DSP >300 blue mussels (M. edulis) Norway, Sweden Underdahl, Yndestad and
Aune, 1985
DSP >300 blue mussels (M. edulis) Belgium de Schrijver et al., 2002
DSP 200 brown crab (C. pagurus)  Norway Aune et al., 2006
DSP 159  blue mussels (M. edulis) United Kingdom COT, 2006
ASP 107  blue mussels (M. edulis) Canada Perl et al., 1990

AZP 24  blue mussels (M. edulis) Ireland McMahon and Silke, 1998
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5. HISTORICAL PERSPECTIVE ON METHODS USED FOR THE DETECTION OF
PHYCOTOXINS

In terms of methodology, an early breakthrough was made by Sommer and Meyer
(1937) with the development of a mouse bioassay (MBA) for the detection of the agents
involved in “paralytic shellfish poisoning”. This procedure is based on extraction of
water-soluble (hydrophilic) compounds using hydrochloric acid as extraction solvent
and detection by injection of filtered crude extracts into mice. Thus, the procedure
is based on the toxic response of any water-soluble, acid-stable compound in mice.
As such, it is also capable of detecting DA in shellfish, albeit at levels higher than the
currently regulated levels. The quantification of paralytic toxins with this method was
further improved through the work of Schantz et al. (1957, 1958), and the method was
finally validated as an official method in 1990 (AOAC, 2005). Similarly, although NSP
had been reported in the United States of America since the mid-nineteenth century,
formal control methods for BTXs were developed following work by McFarren
(1959), and standardized as official control procedures by the American Public Health
Association (APHA) in 1970 (Anonymous, 1970). Again, the APHA protocol is
based on the detection of toxic principles in shellfish by injection of extracts into
mice; however, in this case a lipophilic extraction solvent is used, diethyl-ether. A
similar method was developed by Yasumoto, Oshima and Yamaguchi (1978) for the
detection of another lipophilic toxin group: OA and analogues; the protocol in this
case is based on extraction of toxins with acetone. The water-miscible nature of this
extraction solvent has led to many interferences, such as low levels of STX and DA;
therefore, the protocol has later been amended to include a solvent partition step
between water and diethyl-ether to eliminate these water-soluble compounds from
the acetone crude extract (Yasumoto et al., 1985). This procedure is also capable of
detecting AZAs up to certain levels (Hess et al., 2009). Furthermore, a rat bioassay
has been developed by Kat (1983). This assay detects shellfish toxins through their
diarrhoeic effects in rats following oral feeding of shellfish tissues. The rat bioassay
is only capable of detecting OA and AZAs, as these are the main diarrhoeic toxins.
Thus, the main five toxin groups responsible for shellfish poisoning can be detected by
procedures involving toxicity testing with mice or rats. However, these bioassays may
not detect all toxins at the levels required for protection of public health, and generally,
MBAs suffer from a number of disadvantages, including a lack of specificity, non-toxic
interferences, and ethical issues around animal welfare (Combes, 2003). In addition,
the bioassays for lipophilic toxins are not quantitative and thus do not lend themselves
to effective monitoring practices. Moreover, the MBAs for lipophilic toxins have not
been validated through interlaboratory trials and their performance characteristics are
not well established.

Because of these shortcomings of bioassays, a strong need for alternative methods
has emerged (Hess et al., 2006). In particular, there is a requirement to detect specific
compound groups to be sure of the nature of a toxic event, and also to be able to detect
the quantity present to be able to implement limits for these toxic compound groups.

For the development of quantitative and specific methods, the availability of pure
reference compounds (the toxins themselves) is a major prerequisite. Onoue et al.
(1931) started work on the isolation of STX analogues as the toxic principles of PSP.
The efforts were significantly advanced by Schantz er al. (1957, 1958). However,
it was not until 40 years after initial isolation efforts that the structure of STX was
finally confirmed by Wong, Oesterlin and Rapoport (1971). The characterization
process has been hampered for many toxins in a similar fashion because of the lack
of compound mass for the studies. This lack can be understood from the fact that the
organisms producing the toxin cannot always be cultured, and scientists thus rely on
the natural occurrence of the compounds. In addition, the structure elucidation in early
days was mostly based on chemical reaction of the compounds. The onset of more
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powerful non-destructive techniques such as nuclear magnetic resonance has allowed
for the characterization of smaller quantities. While several hundred milligrams were
required to characterize a toxin in the 1950/1960s, nowadays 10-100 pg of compound
may be sufficient to complete the structure elucidation of a novel compound. Thus,
the discovery of DA as a shellfish toxin could be completed within weeks from the
poisoning event (Quilliam and Wright, 1989). More typically, it takes from one to
several years from the initial poisoning event to the identification of the chemical
responsible for the toxic effect, e.g. for the identification of OA and AZAs (Yasumoto,
Oshima and Yamaguchi, 1978; Satake et al., 1998). Currently, at least one reference
compound is available for every compound group; however, for several toxicologically
relevant analogues, there is still no certified reference compound.

With reference compounds becoming more and more available, methods alternative
to the bioassays have been developed. In the early stages, many of these methods were
based on liquid chromatographic (LC) separation of the toxins (gas chromatography is
excluded because of the non-volatile nature of the compounds), followed by detection
of ultraviolet (UV) absorbance or fluorescence of the toxins in solution (for specific
methods, see compound-specific sections). However, most compounds have no
specific UV absorption or fluorescence in their natural form, and thus these methods
were often cumbersome because of complicated derivatization and purification steps.
Since the 1990s, methods based on LC followed by mass spectrometric (MS) detection
(LC-MS) have been developed, and their ease of use has led to relatively widespread
application of such methods in the new millennium. The LC-MS technique was very
expensive in the early stages, therefore, these methods were initially mainly restricted
to developed countries (North America, Europe and Oceania). Nowadays, the
technique is less expensive but still costly and sophisticated, requiring specialized staff.
However, thanks to robotics, the price per analysis has decreased, thus allowing for a
wider range of users to access the technique. The main advantages of this technique
consist in the fact that individual analogues can be distinguished and quantified. These
features result in a maximum of information on possible causative organisms and risks
encountered. However, the toxic potency of each analogue must be known in order
to calculate the total toxicity associated with a sample of shellfish. Other non-animal
alternatives are available for some toxin groups, including methods based on antibody
technology, such as dip stick tests or enzyme-linked immunosorbent assays (ELISAs).
The advantage of these tests compared with LC-MS-based methods lies in their ease of
use and low cost. However, these tests can only give a single response per toxin group,
which lacks information on individual analogues and also on total toxicity present.
For some groups of toxins, e.g. OA and STX, functional assays have been developed.
Functional assays are based on the mechanism of action and thus give information on
the total toxicity present, even if there is no information on individual analogues.

6. PRINCIPLES FOR THE ESTABLISHMENT OF CODEX METHODS OF
ANALYSIS

The above-mentioned methods (or types of methods) can be classified for Codex
purposes into four groups. Codex methods are primarily intended as international
methods for the verification of provisions in Codex standards. They should be used
for reference, in calibration of methods in use or introduced for routine examination
and control purposes.

Codex definition of types of methods of analysis
(a) Defining Methods (Type I): A method that determines a value that can only
be arrived at in terms of the method per se and serves by definition as the only
method for establishing the accepted value of the item measured. Examples:
Howard Mould Count, Reichert-Meissl value, loss on drying, salt in brine by
density.
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(b) Reference Methods (Type II): A Type II method is the one designated
Reference Method where Type I methods do not apply. It should be selected
from Type III methods (as defined below). It should be recommended for
use in cases of dispute and for calibration purposes. Example: Potentiometric
method for halides.

(c) Alternative Approved Methods (Type III): A Type III method is one that
meets the criteria required by the Codex Committee for Methods of Analysis
and Sampling (CCMAYS) for methods that may be used for control, inspection
or regulatory purposes. Example: Volhard Method or Mohr Method for
chlorides.

(d) Tentative Method (Type IV): A Type IV method is a method that has been
used traditionally or else has been recently introduced but for which the
criteria required for acceptance by the CCMAS have not yet been determined.
Examples: chlorine by X-ray fluorescence, estimation of synthetic colours in

foods.

The CCMAS has also laid down general criteria for the selection of methods of analysis:

(a) Official methods of analysis elaborated by international organizations
occupying themselves with a food or group of foods should be preferred.

(b) Preference should be given to methods of analysis the reliability of which have
been established in respect of the following criteria selected as appropriate:
specificity, accuracy, precision, limit of detection, sensitivity, practicability and
applicability under normal laboratory conditions, other criteria that may be
selected as required.

() The method selected should be chosen on the basis of practicability and
preference should be given to methods that have applicability for routine use.

(d) All proposed methods of analysis must have direct pertinence to the Codex
Standard to which they are directed.

(e) Methods of analysis that are applicable uniformly to various groups of
commodities should be given preference over methods that apply only to
individual commodities.

In the case of Codex Type II and Type III methods, method criteria may be
identified and values quantified for incorporation into the appropriate Codex
commodity standard. Method criteria that are developed will include the criteria in
section, Methods of Analysis, paragraph (c) above, together with other appropriate
criteria, e.g. recovery factors.

Any Codex Commodity Committee may continue to propose an appropriate
method of analysis for determining the chemical entity, or develop a set of criteria
to which a method used for the determination must comply. In some cases, a Codex
Commodity Committee may find it easier to recommend a specific method and request
the CCMAS to “convert” that method into appropriate criteria. The criteria will then
be considered by the CCMAS for endorsement and will, after the endorsement, form
part of the commodity standard replacing the recommended method of analysis. If
a Codex Commodity Committee wishes to develop the criteria by itself rather than
allowing the CCMAS to do so, it should follow instructions given for the development
of specific criteria as outlined below. These criteria must be approved for the
determination in question. However, the primary responsibility for supplying methods
of analysis and criteria resides with the Commodity Committee. If the Commodity
Committee fails to provide a method of analysis or criteria despite numerous requests,
then the CCMAS may supply an appropriate method and “convert” that method into
appropriate criteria.
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The minimum “approved” Codex analytical characteristics will include the
following numeric criteria as well as the general criteria for methods laid down in the
Analytical Terminology for Codex Use:

e precision (within and between laboratories, but generated from collaborative
trial data rather than measurement uncertainty considerations);

® recovery;

e selectivity (interference effects, etc.);

e applicability (matrix, concentration range and preference given to “general”
methods);

e detection/determination limits if appropriate for the determination being
considered;

e linearity.

The CCMAS will generate the data corresponding to the above criteria. When a
Codex Commodity Committee submits a Type II or Type III method to the CCMAS
for endorsement, it should also submit information on the criteria listed below to
enable the CCMAS to convert it into suitable generalized analytical characteristics:

® accuracy;

e applicability (matrix, concentration range and preference given to “general”

methods);

e detection limit;

e determination limit;

®  precision, repeatability intralaboratory (within laboratory), reproducibility
inter-laboratory (within laboratory and between laboratories), but
generated from collaborative trial data rather than measurement uncertainty
considerations;
recovery;
selectivity;
sensitivity;
linearity.

These terms are defined in the Analytical Terminology for Codex Use. The CCMAS
will assess the actual analytical performance of the method that has been determined
in its validation. This will take account of the appropriate precision characteristics
obtained in collaborative trials that may have been carried out on the method together
with results from other development work carried out during the course of the method
development. The set of criteria that are developed will form part of the report of
the CCMAS and will be inserted in the appropriate Codex Commodity Standard. In
addition, the CCMAS will identify numeric values for the criteria for which it would
wish such methods to comply. The calculated repeatability and reproducibility values
can be compared with existing methods and a comparison made. If these are satisfactory
then the method can be used as a validated method. If there is no method with which
to compare the precision parameters then theoretical repeatability and reproducibility
values can be calculated from the Horwitz equation. The individual sections follow
evaluation of methods according to the above-mentioned principles.

7. DIFFICULTIES IN PROTECTING THE CONSUMER

As mentioned above, shellfish toxins pose particular problems to public health
protection because of a number of differences compared with other contaminants.
In particular, the lack of prediction capability of the occurrence of shellfish toxins is
a major factor. In addition, the requirement to produce live bivalve molluscs results
in the need for continued monitoring of shellfish harvesting areas. To illustrate the
difficulties encountered in protecting the consumer from the risk of shellfish toxins,
several scenarios can be examined. During an algal event in the southwest of Ireland in
2001, the accumulation of toxins in blue mussels had been followed using MBA and an
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LC-MS based method in parallel (Figure 5). This event could be described as a classical
event, as it involves toxins that have been reported to make shellfish consumers sick
at levels incurred during the event (in this case, no sickness occurred as monitoring
results were known to regulatory authorities immediately, and closure of the harvest
areas prevented any risk to the public). Part ¢ of Figure 5 outlines the results of the
MBA, which is the regulatory test in many countries, including Ireland. It is apparent
that, using the MBA, the toxicity appears without warning, i.e. from the week of
9-16 July 2001. If the chemical monitoring, which was ongoing in parallel, had not
already indicated low levels of toxins of the AZA group (see Part a of Figure 5), the area
may only have been closed on 18 July 2001, i.e. 9 days from the last “non-toxic” sample
date (weekly sampling plus 48 hours from the sample taken to the result obtained).
This would have resulted in harvesting of the area for probably 3-5 days with high
toxicity present in shellfish, which may have led to illness if these shellfish had been
marketed. The rapid accumulation of shellfish toxins is a phenomenon that is often
underestimated and may lead to severe public health problems as well as to significant
economic losses if end-product testing is not carried out efficiently and timely.

In the same graph, it is also apparent that two shellfish toxin groups may
co-occur independently; in this case OA-group toxins and AZA-group toxins. This
co-occurrence may be governed by hydrographic and environmental conditions
but it is not necessarily reproducible, as shown by comparison of Figure 5 with
Figure 6 (2001/02 versus 2008/09). Because of the possible co-occurrence of several
toxin groups, the methods used in official control of harvesting areas must be
comprehensive. An MBA is capable of detecting both OA- and AZA-group toxins,
as is the LC-MS based method. If an AZA-specific ELISA had solely been used in
isolation, the toxicity of the OA group could have been neglected, and the shellfish
growing area could have been reopened prematurely in January 2002 for the 2001
event (Figure 5). Similarly, if only a protein phosphatase assay (specific for OA-group
toxins) had been used in official control of the harvesting area in Ireland in 2008, the
area would have remained open in the month of June; yet, serious illness would have
befallen the consumers of the shellfish because of the presence of AZA-group toxins
(Figure 6). Therefore, shellfish producers and official control authorities need to know
all the agents potentially causing hazards in specific areas so that methods appropriate
for public health protection can be implemented.

Another aspect of shellfish area management is also illustrated in Figures 5 and 6:
the natural detoxification of shellfish in the growing area is significantly slower than
the accumulation period. Thus, although the presence of (potentially) toxic algae may
only last several days or weeks, the toxicity may persist in shellfish for many months
after the algal bloom has disappeared. In this case, toxicity was still above threshold at
six months after the algal appearance. These prolonged closure periods are potentially
a problem for public health protection authorities, as they involve much effort in risk
communication; many consumers in shellfish producing countries would be aware
of the occurrence of shellfish toxicity during summer months; however, prolonged
toxicity into winter months is a more recent phenomenon and requires additional
efforts in managing the risks. In addition, it has been noted that detoxification rates
are higher in the beginning of the detoxification, and the very slow detoxification over
prolonged periods causes many problems to shellfish producers. Therefore, competent
authorities also frequently face further difficulties in effectively implementing closure
of production areas over these long periods.
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FIGURE 5
Temporal trends of AZA-group toxins, OA-group toxins and MBA results in mussels
(M. edulis) from Castletownbere, southwest Ireland
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Notes: From May 2001 to February 2002; a) azaspiracid-1 equivalents (AZEs) and b) okadaic acid equivalents (OAEs),
both determined by LC-MS and measured and expressed in whole shellfish flesh; c) MBA results for the same samples
measured in HP. The thick black line in each of the three graphs represents the regulatory limit in the EU at the time,
i.e. 0.16 mg/kg for both OA- and AZA-group toxins. Arbitrarily, and for visualization purposes only, MBA negative
results are represented as 0.16 mg/kg values whereas MBA positives are represented as 0.32 mg/kg.

Source: Figure adapted from Hess et al., 2003.
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FIGURE 6
Temporal trends of AZA-group toxins, OA-group toxins and MBA results in mussels
(M. edulis) from Castletownbere, southwest Ireland
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Notes: From May 2008 to January 2009; a) azaspiracid-1 equivalents (AZEs) and b) okadaic acid equivalents (OAEs),
both determined by LC-MS and measured and expressed in whole shellfish flesh, ¢) MBA results for the same samples
measured in HP. The thick black line in each of the three graphs represents the regulatory limit in the EU at the time,
i.e. 0.16 mg/kg for both OA- and AZA-group toxins. Arbitrarily, and for visualization purposes only, MBA negative
results are represented as 0.16 mg/kg values whereas MBA positives are represented as 0.32 mg/kg.

Source: Figure created from data available online from the Marine Institute, at www.marine.ie, accessed on

29 July 2009.
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8. CHALLENGES IN THE PRODUCTION OF SAFE SHELLFISH

The challenges in the production of shellfish are multiple. Production efficiency is
related to environmental parameters and local conditions as well as production mode
and implementation. In addition, natural factors such as summer mortality, shellfish
pathogens and storm conditions may significantly reduce annual production by up
to 80 percent in some years. Further food safety risks also arise at a high level from
microbiological human pathogens, such as viruses (mostly norovirus and hepatitis A
virus) and bacteria (in particular vibrios). While official microbiological classification
of harvest areas results in a continuous cost of producing safe live bivalve molluscs (in
Class B or moderately polluted areas), peak occurrences of pathogens may also lead to
unpredictable closures reducing the productivity of a given harvest area.

With the exception of oysters, bivalve molluscs as a raw product are considered
low-cost food in most countries; typical prices being less than €1 000/tonne (about
US$1 400/tonne) at production level. This is very much in contrast with many other
foods, e.g. crustaceans such as lobster or crab, which may easily yield five to ten times
higher income to producers, even though meat yield may be very similar. In view of
this low value, end-product testing of shellfish safety becomes a major challenge. In the
production of shellfish, the price for a single end-product test may be around €100-200
(about US$140-280). As algae often occur in thin layers, and with patchy structures,
production lots may often be contaminated very inhomogeneously. Depending on
what would be considered a representative number of tests to conduct per production
batch, proper end-product testing could cost as much as 10 percent of the total product
value.

An in-depth review of the Irish rope mussel sector (BIM, 2006) can serve as an
example of the economic status of the bivalve mollusc sector. This report indicates
that profit margins varied between 1 and 8 percent on average (for the years
2003—2005), depending on the production year. The most important one factor
influencing productivity and profitability of the rope mussels sector are marine
biotoxins.

This also means that in years of high biotoxin occurrence, some producers will
invariably make a loss. In addition, the structure of the shellfish industry is still
dominated by a large percentage of small and medium-sized enterprises. Therefore,
if biotoxins occur at high levels in consecutive years, some small producers will risk
bankruptcy because of lack of income.

Apart from these economic boundaries in which the shellfish producers operate,
there are also challenges associated with emerging toxins and the type of testing used
in official control. As mentioned above, official control has historically relied upon
animal testing to assess the toxicity present in shellfish samples. Over the years, the
compound groups responsible for causing shellfish poisoning have been identified,
yet because of the lack of pure compounds, toxin-group specific methods have not
been implemented as official methods for most toxin groups (apart from DA and
STX). The scenario shown in Figure 7 exemplifies differences in the interpretation
of toxin events, depending on the method used in the official control of harvesting
areas. In this area (Arcachon, Bay of Biscay, French Atlantic Coast), OA-group toxins
known to cause human poisoning exceeded the regulatory limit only during one week
during the spring of 2005. Other toxin groups have also been monitored, including
pectenotoxins (PTXs), which occurred at very low levels, and always below regulatory
levels. In addition, all other regulated lipophilic toxins (YTXs and AZAs) and known
non-regulated bioactive compounds (gymnodimines and spirolides) were either totally
absent or present at levels more than tenfold lower than the regulatory limits. Yet,
the MBA as the reference test gave many positive results for the area over the whole
summer period. In fact, the area could not be opened in summer 2005 because of the
sporadic occurrence of positive results.
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FIGURE 7
Temporal trends of OA-group toxins, PTX-group toxins and MBA results in oysters (C. gigas)
from Arcachon, Bay of Biscay, French Atlantic Coast
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Notes: From April 2005 to August 2005; a) okadaic acid equivalents (OAEs) and b) sum of PTXs (PTX2 and PTX2sa),
both determined by LC-MS (measured in HP and expressed in whole shellfish flesh); and c) MBA results for the same
samples (measured in HP). The thick black line in each of the three graphs represents the regulatory limit in the EU
at the time, i.e. 0.16 mg/kg for both OA- and PTX-group toxins. Arbitrarily, and for visualization purposes only, MBA
negative results are represented as 0.16 mg/kg values whereas MBA positives are represented as 0.32 mg/kg.
Source: Figure created from data from IFREMER (French national monitoring programme REPHY); extracted

27 July 2009.
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FIGURE 8
Temporal trends of OA-group toxins, PTX-group toxins and MBA results in oysters (C. gigas)
from Arcachon, Bay of Biscay, French Atlantic Coast
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Notes: From January 2006 to November 2006; a) okadaic acid equivalents (OAEs) and b) sum of PTXs (PTX2 and
PTX2sa), both determined by LC-MS (measured in HP and expressed in whole shellfish flesh); ¢) MBA results for the
same samples (measured in HP). The thick black line in each of the three graphs represents the regulatory limit in
the EU at the time, i.e. 0.16 mg/kg for both OA- and PTX-group toxins. Arbitrarily, and for visualization purposes
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Source: Figure created from data from IFREMER (French national monitoring programme REPHY); extracted

27 July 2009.
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These positive results of the MBA may be related to yet unknown toxins of public
health relevance, or they may be because of interference from bioactive compounds
that are not relevant to public health. Thus, in a regime that had been based on
chemical analysis (by LC-MS), production would have continued after a three-week
closure period (one-week toxin levels exceeded regulatory limits, and two consecutive
clear tests are required to re-open an area). The following year showed an even more
dramatic picture where MBA results were again sporadically positive between May and
September, while all lipophilic toxins known to occur in this area (OA, AZA, PTX,
GYM, SPX, YTX) were well below the threshold expected to result in positive results
in MBAs (Figure 8). The situation in Arcachon in 2006 had been further complicated by
the fact that anecdotal evidence provided by oyster producers from the area suggested
that consumption of these oysters did not result in acute human illness. Therefore,
the question remains on how to manage areas where parallel tests yield contradictory
results. The interaction between risk evaluation and risk management as integral parts
of risk analysis are outlined in the next section.

9. RISK ANALYSIS PRINCIPLES AND ITERATION OF RISK ANALYSIS PROCESS
FOR PHYCOTOXINS
Codex has laid down working principles for the risk analysis of food stuffs in a guideline
(Codex Alimentarius, 2007) to clarify the approach proposed to governments. In these
guidelines, a clear role is attributed to each of the following three integral components
of the process:

1. risk assessment or evaluation;

2. risk management;

3. risk communication.

This three-pronged approach to risk analysis (Figure 9) should be applied consistently
in an open, transparent and documented manner. In addition, risk analysis should be
evaluated and reviewed in light of newly generated scientific data. There should be a
functional separation of risk assessment and risk management to the degree practicable
in order to ensure the scientific integrity of the risk assessment, to avoid confusion over
the functions to be performed by risk assessors and risk managers, and to reduce any
conflict of interest. Risk communication is required for the sake of consumers and food
producers but also to improve understanding between risk assessors and risk managers,
for instance to clarify elements of uncertainty in a risk assessment to risk managers.
Risk assessment should be structured as a process including the elements of hazard
identification and characterization, exposure assessment and risk characterization.
Risk management also follows a structured approach including specific steps, such
as preliminary activities, evaluation of risk management options, implementation,
monitoring and review of the decisions taken.

While these general principles make the Codex approach very clear, it must be noted
that specific risk analyses are far from trivial, in particular because of the frequent lack
of data on toxin analogues, relative toxicities, exposure and epidemiology. This lack
of data often makes risk assessments provisional and requires frequent review of the
assessment and the management options derived. This fact has also been recognized
by Codex and, therefore, the iterative character of the risk analysis process has been
stressed in the guidelines.

In the following sections, a few important steps are addressed to exemplify why a
risk analysis process may often take a number of years before a satisfactory process for
managing the risk is achieved.



Introduction on biotoxins and bivalve molluscs

23

FIGURE 9
Steps involved in risk analysis
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Notes: Risk assessment includes steps 1-4; risk management includes steps 5-7. Risk communication ensures
understanding of all steps by all stakeholders. The process is considered iterative as new information becomes
available.

9.1 Hazard identification and characterization

When a new shellfish toxin emerges in an area of shellfish production, it is not easy
to identify this hazard. Initially, there will be customer complaints about food in
general; it needs to be established that shellfish were the likely source of the customer
complaint. Once it has been established that bivalve molluscs were actually at the origin
of the illnesses reported, medical doctors need to establish whether the nature of the
illness is of microbiological or chemical origin. Because microbiological contamination
of shellfish often generates similar symptoms of diarrhoea, vomiting and sickness, it is
not necessarily clear that a novel toxic agent is involved. As mentioned above, the most
important information comes from the epidemiological reports on the onset of the
sickness, because microbiological contaminations typically require incubation periods
of 24 hours before symptoms develop (some, such as hepatitis virus, may cause illness
as late as 4 weeks after consumption of the shellfish). Subsequently, symptoms will
need to be examined for their specificities, including neurological poisoning symptoms,
memory loss, inversion of hot and cold sensation, etc.; all these symptoms could arise
from known shellfish toxins. However, often, the unspecific symptoms of diarrhoea,
vomiting and sickness outweigh specific symptoms in most customers, in particular if
the toxin has not occurred at very high levels.

As soon as complaints are traced back to shellfish, both shellfish producers and
government officials will trace back the products to their production site and will gather
additional data available from routine monitoring of these sites for microbiological
agents and (potentially) toxic phytoplankton. Only if it can be established that no
known agents from this area could have caused the disease, work can begin on the
identification of a new hazard. Most often, at the first occurrence of a new agent, the
time between illnesses reported and the time when it was established that a new toxin
is probably the cause of the illness is so long that there is some likelihood that the
agent may again have naturally depurated from the shellfish and the shellfish growing
in the area at that time may not be contaminated anymore. However, sometimes this is
not the case, and contaminated shellfish may be obtained from large production lots if
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these are not yet all consumed or from the area in which the shellfish are grown. For
instance, when a new toxin was suspected from mussels in Killary, Ireland, 1995, the
contamination had happened in autumn (September/October), and when government
officials collected shellfish from the area in November, contamination was still
sufficiently high (McMahon and Silke, 1996) to identify the toxin involved, probably
because of slow detoxification in late autumn (colder water temperatures, fewer non-
toxic algae present as food for mussels). However, because of a lack of specialized
scientists in Ireland, it took the effort of international collaboration with experienced
teams in Japan to identify the toxin within two years of the initial discovery of the
illness (Satake ez al., 1998). In times when virtually all scientific activities are accounted
for through publicly funded projects, it is not always easy to mobilize scientific
capacity, even if it is available in the country where the illness occurs. These logistic
issues around finances and scientific capacity often result in an emerging hazard not
being identified for years.

As mentioned above, natural toxins typically occur as mixtures of analogues. Often,
the toxin-producing phytoplankton species produce two or more main analogues of
a toxin, and these are further metabolized by shellfish into a multitude of analogues.
As it is not guaranteed that the most abundant metabolite is also the most toxic one,
hazard identification is also about the identification of all relevant analogues and about
the assessment of their relative toxicity. For instance, in the case of AZAs, it should
be noted that two of the three currently regulated analogues were only discovered and
crudely characterized for their toxicity a further two years later (Ofuji er al., 1999).
By 2008, 20 analogues of this toxin group were known (Rehmann, Hess and Quilliam,
2008) and metabolism in shellfish started to be understood (McCarron et al., 2009).

The identification of the toxin alone is only the first step of a full hazard
identification. In the case of shellfish toxins, it is important to identify the biological
source organism of the toxin, mostly unicellular algae (diatoms and dinoflagellates).
Once these producing organisms are known, the surveillance system can observe
the frequency of their occurrence and the conditions leading to toxin production,
such that the full extent of the occurrence of the toxin can be understood. In the
case of AZAs, for instance, it took 12 years from the discovery of the toxin until one
AZA-producing organism was discovered (Tillmann et al., 2009). Again, this work was
far from trivial because it involved the discovery of a new species and a new genus in
an area completely different (North Sea) from the area of the initial discovery of the
toxin (Irish Atlantic coast).

In order to fully characterize the hazard deriving from a new toxin (group), it is
also necessary to understand the toxicity of the chemical substances involved. Many
questions need to be answered for the characterization of the hazard:

e Is it the substance itself (produced by the alga) that is toxic or is it the
metabolites in shellfish or in humans that cause the actual toxic effect?

e What is the toxic effect? Is it only digestive trouble, or are there other more
grave or more subtle effects?

e Is there only acute toxicity or are there also long-lasting chronic effects?

e What is the molecular mechanism of action of the toxin?

Depending on the availability of the compounds involved and the complexity of the
toxicity, it may take several years, sometimes decades to answer the above questions.
In fact, while for some toxin groups one mechanism of action is known (BTX, DA,
OA, STX), it remains questionable whether other mechanisms of action do not also
contribute to the overall toxicity and need to be considered in the risk assessment. For
other toxin groups, such as YT'X, cyclic imines and AZA, the mechanism of action is
not yet clarified, although these toxins were discovered in the 1980s and 1990s.

The problems of identification of the compounds and the characterization of their
toxic effects are closely intertwined through the need for isolation of large quantities
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of highly purified compounds. In the identification of the molecule, high purity is
required to identify unequivocally the structure of the molecule, mostly through mass
spectrometric and nuclear magnetic resonance techniques. In toxicological evaluation,
the purity of the compound is important to associate a certain level of toxicity with
one analogue only to establish its relative toxicity; if other analogues remain as
impurity, the assessment of this particular analogue may be strongly falsified, because
even structurally closely related analogues may differ 100- or 1 000-fold in their toxic
activity. The efforts required to identify a completely novel bioactive compound are
often heavily underestimated. As a rule of thumb, it should be noted that preparative
isolation procedures typically only recover about 5-10 percent of the compound
originally present in shellfish. Even though shellfish toxins typically cause illness at
the milligram per kilogram level, tenfold larger concentrations are often required to
purify novel compounds efficiently. Moreover, because the mode of action is usually
not known at the beginning, the isolation procedure often relies on insensitive animal
testing for the activity-guided fractionation and isolation of the toxin, thus consuming
the toxin during its isolation. In many cases, the collection and dissection of hundreds
of kilograms of shellfish are required in order to recover sufficient toxic material
for successful identification of the compound. Toxicological evaluation requires
significantly higher quantities of the compound because many experiments need to be
repeated in animals, and thus for most shellfish toxins, information on chronic effects
is still not available.

9.2 Exposure assessment

The assessment of the extent to which a single consumer or a population is exposed to
a specific shellfish toxin is derived from two main variables: consumption of shellfish
and occurrence of the shellfish toxin.

Consumption of shellfish, as of any other commodity, is mostly determined
through consumption surveys. A difficulty with bivalve molluscs is the multitude of
portion sizes consumed that changes from region to region, consumer to consumer and
by shellfish species. A difficulty in interpreting many surveys is the fact that surveys
were poorly designed in the definition of the portions consumed: it is not always clear
whether the weight reported refers to the shellfish with or without their shell and
intervalvular fluid, or whether it refers to the shellfish flesh consumed. In addition,
it is not clear whether the weight refers to the raw weight or to the cooked weight.
These difficulties result in significant uncertainty in the exposure assessment and in the
evaluation of the dose that made people sick (see next section).

The occurrence of the new shellfish contaminant is not well known at the stage of its
appearance. This lack of knowledge is one of the major reasons for the iterative character
of risk analysis. As described above, under hazard identification and characterization,
it may take several years before the chemical structure and behaviour of a new toxin
are actually known. Toxin-specific methods can only be developed at that stage, and
the concentration levels of the toxin may only be known after some time. If shellfish
tissues from the poisoning event are retained and well preserved through freezing at
low temperatures, it may later be possible to establish retrospectively the concentration
of the toxin in the shellfish that had made people ill. However, more often than not,
this is not the case. Therefore, it is most important that one of the risk management
options for the establishment of the extent of the problem includes regular monitoring
of the toxin responsible for causing the sickness encountered. The methods used for
such monitoring are typically not yet fully validated through interlaboratory trials
because there is no large-scale interest in working on a toxin as long as the extent of
the problem has not been established.

Once monitoring reveals that the compound does occur with some regularity,
and once toxicological evaluation has clearly established that the compound poses a
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significant risk, work on methods needs to be intensified. Such studies include the
establishment of quality control tools referred to as reference materials. Steps involved
in the making of a reference material are outlined in Figure 10.

Once reference materials are available for a toxin group (including certified
standards and shellfish tissue reference materials), a method typically progresses to the
stage that method validation may proceed. Ideally, a method is characterized through
an interlaboratory study, an exercise for which further reference materials are required.

Best data on occurrence of shellfish toxins are obtained after methods have been
validated and regular monitoring is ongoing with quantitative, toxin-specific methods,
such as liquid chromatography with ultraviolet absorption detection (LC-UV) for
DA or LC-MS for AZAs. However, for many lipophilic toxins, the reference method
has remained the MBA for lipophilic toxins since the introduction of EU legislation
on marine biotoxins in 1991. The existence of this reference method means that most
regular monitoring is carried out with this method and that neither quantitative nor
toxin-specific data are available from this surveillance. Therefore, the situation for
many lipophilic toxin groups is very complex to assess, and exposure assessment relies
on parallel testing that is sometimes carried out in countries that have recognized the
value of quantitative toxin-specific methods beyond regulatory reference tests.

FIGURE 10
Stages in the development of certified reference materials (CRMs)

Establish need for CRM Feasibility of CRM Production of CRM

Retrieval of relevant

Discovery of new illness or
toxin

Toxicological evaluation of
epidemiological data

Isolation and purification of
toxin

Toxicological evaluation of
pure compound

Regulatory limit

Retrieval of study materials

Scaled-up isolation of toxin

Behaviour of new toxin in
solution + matrix

Preparation of trial
materials and studies on
homogeneity + stability

materials (species,
concentrations, profiles)

Production of pure
standard

Production of tissue
material

Homogeneity + stability
studies

Certification

Notes: CRMs are tools that are considered major milestones of quality control of methods for the detection of trace
contaminants such as phycotoxins (adapted from Hess, McCarron and Quilliam, 2007). Once the need has been
established to produce a CRM, the feasibility must be explored; only after feasibility has been established can work
begin on the production of the material.

The difficulty in predicting the occurrence of toxic algae and thus the sporadic
occurrence of shellfish toxins also affects the monitoring necessary for exposure
assessment. It is typically not sufficient to monitor shellfish toxins for a one-year
period to assess their overall frequency of occurrence (see also Figures 5-8). In many
cases, toxins may not occur for several years and then re-appear for one or several
years. Therefore, regular surveillance over many years is required in order to assess the
exposure of a population to a toxin group.
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9.3 Risk characterization

Risk characterization investigates the nature and extent of the adverse health effects
caused by a toxin group. In particular, risk characterization should examine whether
only acute effects are encountered or whether also long-term effects exist. These
considerations will result in the recommendation of an acute reference dose (ARfD)
for protection against immediate effects, or of a total allowable or tolerable daily intake
(TDI) for protection against chronic effects.

Wherever possible, risk characterization should be quantitative and should also
outline options for risk management. For instance, such options will be given in the
toxin-specific sections for covering different proportions of the population of shellfish
consumers.

One of the most central questions of risk characterization is to establish the smallest
dose of toxin consumed that will probably cause health problems. This level is called
the lowest observable adverse effect level (LOAEL), expressed in micrograms or
milligrams. As mentioned above, data acquired with validated methods are best for
investigating which dose of toxin will make people sick. However, such data are not
typically available at the early stages of risk analysis. This constellation is another
example of the iterative nature of risk analysis. Indeed, the best data on poisoning events
are acquired at an advanced stage when the toxin is already known to cause a problem
and when quantitative methods are well advanced in their performance credibility. At
this stage, government officials should already have organized monitoring of the toxin
to prevent poisoning events, and, thus, paradoxically, the best data are obtained from
failures of monitoring systems. Such failures sometimes occur when shellfish farms
are newly established and the first crop consumed at inaugural events has not been
analysed; this has been recorded both in Norway for OA-group toxins (Aune, 2001),
and in Ireland for AZAs (McMahon and Silke, 1998). Other occasions for acquiring
solid data for the estimation of the dose of toxin making people sick arise when a toxin
group is known to occur in one country (A) but not in another (B). When the toxin
appears in country B, poisoning may occur in the population of shellfish consumers and
characterization of the concentrations causing the sickness may happen with methods
applied or developed in country A. However, failures of monitoring systems also occur
in situations where toxins are recognized as a problem but regulations are not followed
closely. This is the case for most of the data obtained for the risk assessments described
in the toxin-specific sections.

Once the LOAEL has been established, consideration is given to the nature of the
risk, i.e. the effect and its gravity. From these considerations and from uncertainties
associated with establishing the LOAEL, a safety factor is applied to estimate a
no observable adverse effect level (NOAEL), again expressed in micrograms or
milligrams. This NOAEL can also be expressed as a concentration in the human body,
called the ARID, expressed in micrograms per kilogram of bodyweight (typically
NOAEL/60 for a 60 kg person).

The size of the safety factor depends very much on the data available to estimate
the LOAEL. The first preference is always to derive the LOAEL from observations
in humans. Where such data are available, then most typically a safety factor of ten is
applied to account for variability between humans (different susceptibilities because
of age, sex and genetic predispositions). In some cases, where large data sets are
available on poisoning of many different people, including male and female, as well as
children and aged consumers, it may be possible to reduce the safety factor to less than
ten. However, this would also depend on the gravity of the effect at the LOAEL. If
insufficient data were available from observations in humans, observations from animal
experimentation would be considered to derive an NOAEL. In this case, the default
safety factors would be 100 or 1 000, depending on the nature and gravity of the effect
and other uncertainties.
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Risk characterization should also quantitatively evaluate the risk as a function of
the exposure data. This is particularly important for risk managers because it puts the
gravity of risk in relation to the likelihood of occurrence. For instance, if long-term
monitoring of a toxin indicated that concentrations in shellfish very rarely or never
exceeded a certain level, and that no effects had been observed below this level, it would
not be necessary to have a regulation in place for such a compound.
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1. BACKGROUND INFORMATION'

The syndrome that later was named azaspiracid poisoning (AZP) was detected for the
first time in 1995 among consumers in the Netherlands after eating blue mussels from
Ireland. The symptoms were similar to those of diarrhoeic shellfish poisoning (DSP),
but the concentration of the DSP toxins was low. Subsequently, the azaspiracid (AZA)
toxin group was discovered. Thus far, AZAs have only been detected in Europe. The
European Union (EU) has set a regulatory level of 0.16 mg/kg with mouse bioassay
(MBA) as the reference method. However, an MBA protocol with adequate specificity
or detectability has not been validated. Current testing is based on preliminary liquid
chromatography with mass spectrometry detection (LC-MS) methods using a limited
supply of AZA-1 reference standard.

2 ORIGINS AND CHEMICAL DATA

Azaspiracids are nitrogen-containing polyether toxins with a unique spiral ring
assembly, a cyclic amine and a carboxylic acid, and were first detected in mussels
(Mytilus edulis) in Ireland in 1995. Currently, 20 different congeners have been
identified (Satake ez al., 1998b; Ofuji et al., 1999a, 2001, James et al., 2003, Rehmann,
Hess and Quilliam, 2008); however, toxicological information is only available for
AZA- to -5 (Satake et al., 1998b; Ito et al., 1998, 2000, 2002; Ofuji et al., 1999a, 2001).
Compared with the other analogues, AZA-1, -2 and -3 are the major contributors to
the overall toxic equivalents found in shellfish, both because of their high concentration
and because of their comparatively high toxicity (Figure 1).

Recently, AZA-1, -2 and -3 were identified within the heterotrophic dinoflagellate,
Protoperidinium spp. (Yasumoto, 2001). However, Krock ez al. (2009) and Krock,
Tillmann and Cembella (2009) found a small dinoflagellate in the North Sea to produce
AZA in culture, and thus it is presumed that this organism or related species were also
responsible for production of AZA in Ireland and other countries where AZAs have
been reported.

As described by Twiner et al. (2005), AZAs have been detected in bivalve species
other than mussels, including oysters (Crassostrea gigas, Ostrea edulis), scallops (Pecten
maximus), clams (Tapes phillipinarium), cockles (Cardium edule) and razor fish (Ensis
siligua) (Hess et al., 2003; Furey et al., 2003). Several countries, including France,
Ireland, Italy, the Netherlands, Norway, Spain and the United Kingdom of Great
Britain and Northern Ireland, have documented either cases of AZA intoxications
and/or contaminated shellfish (Satake ez al., 1998a). Although the human symptoms
resembled those of DSP, the illness was subsequently named AZP (Ofuji ez al., 1999a)
once AZA was identified as a novel toxin (Satake et al., 1998b).

! Corresponds to the “Background Information” section of the Expert Consultation Report.
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FIGURE 1
Azaspiracids: AZA-1 (R1,2,4 = H; R3 = CH3), AZA-2 (R1,4 = H; R2,3 = CH3)

R

OH

_ﬁllmm )

Notes: The initial structure proposed by Satake et al. (1998b) was corrected by Nicolaou et al. (2004a, 2004b). The
corrected structure is shown.

3. BIOLOGICAL DATA

3.1 Biochemical aspects

3.1.1 Absorption, distribution and excretion/toxicokinetics
No data reported.

3.1.2 Biotransformation
No information on pathways of AZA metabolism in animals has been reported.

3.1.3 Effects on enzymes and other biochemical parameters/mechanism of action
At present, there are virtually no data on the mechanism of action, although based
on the studies that Roman et 4l (2002) performed, some information on targets on
cellular level became available. They report on potential cellular targets of AZA-1,
which causes diarrhoeic and neurotoxic symptoms and whose mechanism of action
is unknown. In excitable neuroblastoma cells, the systems studied were membrane
potential, F-actin levels and mitochondrial membrane potential. While AZA-1 did
not modify mitochondrial activity, it did decrease F-actin concentration. These results
indicate that the toxin does not have an apoptotic effect but uses F-actin for some of
its effects. Therefore, cytoskeleton seems to be an important cellular target for AZA-1
effect. AZA-1 did not induce any modification in membrane potential, which does
not support for neurotoxic effects. In human lymphocytes, cAMP, cytosolic calcium
and cytosolic pH (pHi) levels were also studied. AZA-1 increased cytosolic calcium
and cAMP levels, and did not affect pHi. Cytosolic calcium increase seemed to be
dependent on both the release of calcium from intracellular Ca?* increase pools and
the influx from extracellular media through Ni**-blockable channels. AZA-1 induced
Ca?" increase is negatively modulated by agents that regulate protein kinase C (PKC)
activation, protein phosphatases 1 and 2A (PP1 and PP2A) inhibition and cAMP
increase. The effect of AZA-1 on cAMP is not extracellularly Ca?* dependent and
unsensitive to OA (Roman er al., 2002).

AZAs were cytotoxic to P388 cells but to KB cells the potency was much less
prominent (EU/SANCO, 2001). AZA did not inhibit PP2A. It was noted that in vitro
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studies performed in human cells from healthy donors suggest that the threshold for
AZA analogues to modify cellular function would be 24 pg/kg for a 60 kg person.

3.1.3.1 Effect of AZA on DNA fragmentation

In vivo administration of AZA was studied to see whether it causes deoxyribonucleic
acid (DNA) fragmentation. Mice organs (ICR male 4 week) were stained with
apoptotic peroxidase iz situ apoptosis kit after p.o. treated with AZA. By this, the livers
showed apoptosis in all examined cases (300 pg/kg: 1, 2 and 4 hours, and 600 pg/kg: 4,
18 and 24 hours), but not in the lung and kidney.

3.1.3.2 Effect of AZA-1 on an in vitro model of GI permeability

The human colonic cell line Caco-2 was used to assess the impact of AZA-1 on
intestinal barrier function. Barrier function was measured by transepithelial electrical
resistance (TEER). TEER works by measuring the rate of flux of ions across the
paracellular pathway as an electrical resistance. Disruption of the paracellular barrier
is a contributing factor to increased fluid secretion in diarrhoea. AZA-1 was found
to decrease TEER in a dose-dependent fashion over time. A significant decrease was
observed at 5 nM at 24 hours (Ryan, Hess and Ryan, 2004). This functional assay may
be developed as a possible i vitro assay for AZA.

3.1.3.3 Cyrotoxic and cytoskeletal effects of AZA-1 on mammalian cell lines

Initial investigations have shown that AZA-1 is differentially cytotoxic to several
different cell types as determined by the MTS assay, which measures mitochondrial
activity. Calculated ECy, values for the Jurkat cell line (lymphocyte T cells) were 3.4,
1.1 and 0.9 nM for 24, 48 and 72 hour exposures, respectively. The effect of AZA-1
on membrane integrity was tested by measuring the release of a cytosolic enzyme,
glucose-6-phosphate dehyrogenase (G6PD), from Jurkat cells. Significant elevations
in G6PD activity were detected in the extracellular medium for AZA-1 exposed cells,
with preliminary ECs, values of 0.2 and 0.07 nM for 24 and 48 hours of exposures.
AZA-1 was also reported to be capable of rearranging cellular F-actin in Jurkat cells.
This was apparent with the concurrent loss of pseudopodia and cytoplasmic extensions
that function in mobility and chemotaxis prior to cytotoxicity (Twiner ez al., 2005).

3.2 Toxicological studies
3.2.1 Acute toxicity

Oral studies

Acute oral studies with AZA in mice were performed. AZA was extracted from
mussels collected in Killary Harbour, Ireland, in February 1996. During the course of
toxin purification, the major toxin was concentrated in a lipid fraction coded Killary
Toxin-3 (KT3) (as cited in Ito ez al., 2000). By oral administration (by gavage) of 60 pl
of this KT3 fraction, mice did not show any clinical changes during 24 hours. At
autopsy after 4 hours, active secretion of fluid from the ileum and debris of necrotizing
epithelial cells from upper portion of the villi were observed in the lumen (SEM),
and after 8 hours, erosion of the villi from the top resulted in the shortened villi, and
prominent accumulation of fluid was observed accompanying edema in the lamina
propria. Then, after 24 hours, these changes were not observed but epithelial cells of
adjacent villi were fused to each other (Ito et al., 1998).

Male ICR mice receiving orally by gavage a single dose of 500, 600 or 700 pg
purified AZA/kg b.w. did not show any behavioural changes within 4 hours. Number
of survivors after 24 hours were 0/2, 3/6 and 1/2 at 500 (8 weeks old), 600 (5 weeks old)
and 700 pg/kg b.w. (5 weeks old), respectively. At 600 and 700 pg/kg b.w., diarrhoea
and b.w. decrease were observed within 24 hours.
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At single oral doses of 300-700 pg/kg b.w., AZA caused dose-dependent changes
in small intestines (necrotic atrophy in the lamina propria of the villi) and in lymphoid
tissues, such as thymus, spleen and Peyer’s patches. In the spleen, the number of
non-granulocytes was reduced and damage to both T and B lymphocytes occurred. In
addition, liver weight increased, colour of the liver changed from dark red to pinkish
red and fatty changes in the liver were observed. AZA did not cause prominent changes
in the stomach mucosa, but the appearance of many degenerating cells was observed in
the large intestine. The pancreas appeared to loose zymogen granules locally, but cells
were not injured. Histopathological damage to other organs (kidney, heart and lung)
was not observed. The acute morphological changes in the mouse, induced by AZA,
were distinctly different from those of OA (Ito et al., 2000).

In the latest experiments from Ito er al. (2002), a total of 18 four-week-old mice,
5 six-week-old mice and 2 five-month-old mice were used to produce severe injuries
and then to observe recovery. Four dose levels: 250, 300, 350 and 450 pg AZA (more
purified extract from blue mussels at Killary Harbour and Arranmore Island in Ireland)
/kg b.w. (dissolved in 50 percent ethanol) were given orally to five groups. Ten mice
that survived the initial treatment received a second treatment on day three. Nine mice
that survived the second treatment were killed between days 7 and 90 after treatment.
Thirteen control mice were used. The highest dose of 450 pg/kg b.w. caused death in
11/16 treated (four-week-old) mice. Two out of two 6-week-old mice and another two
out of two 5-month-old mice, receiving 300 and 250 pg/kg b.w., respectively, also died.
Of ten mice that survived the first treatment, one died after the second treatment with
350 pg/kg b.w. Slow recoveries were revealed after oral administration of 300, 350 and
450 pg/kg b.w. Erosions and shortened villi in the stomach and the small intestine
persisted for more than 3 months; edema, bleeding and infiltration of cells in the
alveolar wall of the lung for 56 days; fatty changes in the liver for 20 days; and necrosis
of lymphocytes in the thymus and spleen for 10 days. Thus, the lowest oral dose of
250 pg AZA/kg b.w. appeared to be lethal in mice in this study.

It has to be noted that the partially purified Killary Toxin-3 (KT3) toxin caused
much more severe intestinal fluid accumulation and histological damage to the
pancreas than the more purified toxin used in the studies of Ito et al. (2000). There may
be several unknown analogues of AZA present in the crude fraction. It should also be
mentioned that the difference between the mouse lethalities by oral and intraperitoneal
(1.p.) administration was much less significant with AZA than with other phycotoxins
(Tto et al., 2000).

Intraperitoneal studies

Mice exposed to AZA by i.p. react differently than those exposed to other shellfish
toxins. After i.p. dosing of the partially purified KT3 to male ddY mice, the animals
became sluggish, sat still in corners and showed progressive paralysis and laboured
breathing. No diarrhoea was observed. At low doses, the animals died 2-3 days after
dosing. The minimal lethal dose was reported to be 150 pg/kg b.w. (Satake er al., 1998a).
Ito et al. (1998) injected 10 pl of the partially purified KT3 i.p. to 10 male ICR mice
(age 3 weeks). All animals showed inactivity and general weakness and died within
24 hours. Morphological changes caused by KT3 were distinctly different from those
induced by DSP, paralytic shellfish poisoning (PSP) or amnesic shellfish poisoning
(ASP) toxins. The main target organs of KT3 were liver, spleen, pancreas, thymus and
digestive tract. In contrast, those of DSP toxins are the digestive tract, of PSP toxins
the central nervous system (CNS) and of ASP toxins the brain. The target site of KT3
was the small intestine, where villi degenerated from the top. At the histopathological
level, parenchym cells of the pancreas and hepatocytes, which contain numerous rough
endoplasmic reticula, were preferentially affected and it is probable that KT3 inhibits
protein synthesis.
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Satake et al. (1998b) reported an i.p. lethal dose of purified AZA to mice of
200 pg/kg b.w. (Table 1). The i.p. lethal doses for AZA-2 and -3 to mice were 110 and
140 pg/kg b.w., respectively, (Ofuji et al., 1999a) and for AZA-4 and -5 approximately
470 and less than 1 000 pg/kg b.w., respectively (Ofuji ez al., 2001).

TABLE 1
Lethal dose of AZA-1 in mice

Lethal dose

Species age Sex Route (ug/kg b.w.) References

Mouse ICR 4-5 week male oral >450 Ito et al., 2002

Mouse ICR 5 month male oral >250 Ito et al., 2002

Mouse ddY male i.p. 200 Satake et al., 1998a, 1998b

3.2.2 Short-term toxicity
Repeated dose toxicity

Oral studies

Oral doses of 50, 20, 5 and 1 pg AZA/kg b.w. were given twice a week, up to 40 times,
within 145 days, to 4 groups of 10, 10, 5 and 6 mice (4 weeks old), respectively.
Nineteen control mice were used. Nine mice out of ten at 50 pg/kg b.w. and three
out of ten at 20 pg/kg b.w. became so weak (inactivity and weight loss) that they
were sacrificed before being treated 40 times (mainly after 30 treatments). Interstitial
pneumonia and shortened small intestinal villi were observed. At 5 and 1 pg/kg b.w.,
no mortality was seen. The mice that survived 40 treatments were kept for up to
3 months after withdrawal. No fatty changes in the liver, previously seen at acute or
lethal oral doses, were observed. At 50 pg/kg b.w., a lung tumour was seen in 1/10 mice
dosed 32 times. At 20 pg/kg b.w., a lung tumour was observed in 1/10 mice dosed
36 times and in 2 additional mice after withdrawal. In addition, hyperplasia of epithelial
cells in the stomach was seen in 6/10 mice at 20 pg/kg b.w. At 5 pg/kg, all 5 mice
showed erosion of small intestine (possibly attributed to unhealed injuries rather
than late effects developed during withdrawal period). At 1 pg/kg, 1 out of 6 mice
developed hyperplastic nodules in the liver and 2 mice out of 6 showed mitosis in liver
(Ito et al., 2002).

TABLE 2
Short-term toxicity of AZA-1 in mice
Species Dose D
Strain, sex, No. Route ug/kg (days) 9 Effects References
age b.w. Y
Mouse 10/10 p.o. 50 17~40 Death Ito et al., 2002
ICR male 2 times/w 50~145) Stomach and intestines
Aw~ (gas, erosion),
Lung (inflammation)
Mouse 3/10 p.o. 20 30~36 Death Ito et al., 2002
ICR male 2 times/w (102~127) Stomach and intestines
4w~ 9/20 12~20 (gas, erosion),
(35~68) Lung (inflammation) Ito, unpublished

For assessing possible chronic human health effects, studies involving repeated oral
administration of AZA-1 are most desirable.

As seen in the Table 2, even less than 1/10 of the lethal dose became a lethal dose
when given to mice repeatedly. At the 50 pg/kg dose level, AZA-1 killed 10/10 mice
with up to 40 doses given, 3/10 mice died at 20 pg/kg dose level after up to 30~36 doses
given (Ito et al., 2000) or 9/20 mice after 20 doses given (data unpublished). For doses
of 10, 5 or 1 pg/kg, lethal case was not seen by 40 doses given (Ito, unpublished).
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Mice that died during the exposure study showed commonly decreased b.w.,
ballooning and lucent gastrointestinal (GI) organs containing a lot of gas. Pathological
changes were observed in multiple organs: lung (interstitial inflammation and
congestion), stomach (erosion), small intestine (shortened villi, edema and atrophic
lamina propria) and liver (some cases — single or focal necrosis, small inflammation,
mitosis or congestion). The reason for gas accumulation was assumed to be poor
absorption from degenerated intestine, and low circulation by weakness, and low
expiration of CO, by the injured lung. With 20 pg/kg, 7 survived mice after 40 gavages
were observed for 1 month (n=2), 2 months (n=2) and 3 months (n=3). Hyperplasia of
the stomach appeared in 6/10 mice in this group. Four lung tumours appeared from
two groups; one from 50 pg/kg x32, and three from 20 pg/kg x36, x40+2 month and
x40+3 month, but the appearance rate was unclear (4/20<) (Ito et al., 2002).

3.2.3 Long-term toxicity/carcinogenicity

To examine potential carcinogenicity of AZA-1, another experiment was conducted
on 95 mice using repeat doses. Group (1) 20 pg/kg-2 per week (n=20, 40 dosages),
(2) 20 pg/kg-2/w (n=10, 33 dosages), (3) 5 pg/kg-2/w (n=22, 40 dosages), (4) 10 pg/
kg-1/w (n=23, 20 dosages), (5) 5 pg/kg-1/w (n=20), and control (n=52).The dose levels
in Groups (1) and (2) were changed depending on their condition as follows: (20 pg/
kg x17+10 pg/kg x23) and (20 pg/kg x13+15 pg/kg x5+10 pg/kg x5); then each mouse
that survived up to 20 weeks was dosed (1) 19.2, (2) 19.57, (3) 8.24, (4) 7.66 and (5)
4.34 pg/kg, respectively. Sixty-six mice were sacrificed at 8 months according to the
chronic cases, but no tumour was observed among these mice. Among the residual
20 mice, comprising 10 mice of Group (2), 6 mice of (3) and 4 mice of (4), five tumours
appeared at up to 1 year. These five tumours contained two malignant lymphoma and
three lung tumours (1: adeno-carcinoma and 2: epithelial type tumours), and one lung
tumour from a total of 71 control mice (8M+12M: n=39+32) (Ito, unpublished). Thus,
it is statistically difficult to demonstrate carcinogenicity, but tumour appearance is at
least 7.1 percent from two experiments (9/126), as the total number of treated mice was
126, with no control mice developing tumours during the same period.

Because ICR mice show a relatively high ratio of spontaneous tumours in the lung,
liver and whole body (21.1, 17.2 and 7.5 percent) at 2 years old (Brayton, 2007), AZA
may possibly be either tumorigenic itself or a promoter to early appearance.

Multiple lymphatic nodules in the lung were observed in 10 out of 27 mice at
8 months from Groups (1) and (3); this phenomenon might contribute in some way to
clarifying a possible mechanism of tumorigenesis.

3.2.4. Genotoxicity
No data on the possible genotoxic effects of AZAs have been reported.

3.2.5 Reproductive toxicity

Microinjection of AZA-1 caused dose-dependent effects on heart rate, growth
rate, hatching success and viability in Japanese medaka Oryzias latipes embryos.
Within 4 days of exposure to doses of > 40 pg/egg of AZA-1, substantial retardation
in development was observed as reduced somatic growth and yolk absorption,
and delayed onset of circulation and blood pigmentation. Embryos treated with
> 20 pg/egg AZA-1 had slower heart rates (bradycardia) for the 9 day in ovo period
followed by reduced hatching success. The studies demonstrate that AZA-1 is a potent
teratogen to finfish (Colman ez al., 2004).

3.3 Observations in domestic animals/veterinary toxicology
No data on the possible effects of AZAs in domestic animals have been reported.
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3.4 Observations in humans

In November 1995, at least eight people in the Netherlands became ill after eating
mussels (Mytilus edulis) cultivated at Killary Harbour, Ireland. Although human
symptoms such as nausea, vomiting, severe diarrhoea and stomach cramps were similar
to those of DSP, contaminations of the major DSP toxins OA and dinophysistoxins
(DTXs) were very low. These observations prompted the investigators to explore the
causative toxin in the mussels for structural studies. After chemical analytical research,
the investigators identified and quantified AZA (Satake ez al., 1998a, 1998b). Based on
these results, the toxicity of the mussels was estimated to be 0.15 MU/g (equivalent
to 0.6 pg AZA/g) (EU/SANCO, 2001). A higher toxin content of 1.4 ng AZAs/g of
meat (0.4 MU/g of meat) was reported by Ofuji et al. (1999b). Human toxicity was
seen between 6.7 (5 percent confidence level) and 24.8 (95 percent confidence level)
micrograms per person with a mean value of 15 pg/person. However, new data on the
heat stability of AZA suggest that it is not appropriate to take into account a reduction
in AZA concentration because of heating. Therefore, the recalculated range of the
LOAEL is 23-86 pg/person with a mean value of 51.7 pg/person (EU/SANCO, 2001).

4, ANALYTICAL METHODS

4.1 General

European Union legislation (Council Directive 91/492) requires each member
State involved in shellfish harvesting to have a national marine biotoxin monitoring
programme to monitor shellfish harvesting areas for the presence of toxins produced
by several different species of marine phytoplankton.

MBA with acetone extraction, followed by liquid/liquid partition with diethyl
ether, can be used to detect AZAs. The rat bioassay can also be used for detection of
AZAs with a diarrhoeic response in any of three rats considered a positive result.

Methods based on liquid chromatography (LC) coupled to mass spectrometry
(LC-MS) are used as alternative or complementary methods to the biological testing
method, i.e. MBA.

European Union guidelines state that the total quantity of AZA must not (measured
in the whole body or any part edible separately) exceed 160 pg AZA equivalents/kg.

4.2 In vivo assays

DSP mouse bioassay (MBA)

Mussel extracts are injected intraperitoneally in mice as is done for the DSP MBA.
The results suggest that AZAs can be extracted with acetone from raw meat because
of increased solubility by the presence of water and lipids in the meat (EU/SANCO,
2001). The AZA response is characterized by hopping, scratching and progressing
paralysis that is atypical for DSP (Flanagan ez al., 2001; Satake ez al., 1998a). The shortest
time for mouse death was 35 minutes (at 6 times of the lethal dose) and the longest
was 30 hours and 46 minutes (EU/SANCO, 2001). The test should be considered
semi-quantitative at best, with a detection limit of about 4 pg in a 20 g mouse (lethality
of 200 pg/kg bodyweight). Mice showed large variation in susceptibility depending
on individuals and age. In an MBA using 24-hour observation, the lethality in mice
translates to a detectable concentration of about 160 pg of AZA-1 equivalent per
kilogram of shellfish flesh. To the authors’ knowledge, neither intralaboratory nor
interlaboratory validation of this method has been carried out for AZAs.

Rat bioassay

This assay is based on diarrhoea induction in rats. The (starved) animals are fed
with suspect shellfish tissue (mixed into the diet) and observed during 16 hours for
signs of diarrhoea, consistency of the faeces and food refusal. The method is at best
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qualitative for AZAs because no reports are available on the concentrations that will
induce a certain response. The test is still used routinely in the Netherlands and is an
officially allowed procedure in EU legislation. To the authors’ knowledge, neither
intralaboratory nor interlaboratory validation of this method has been carried out for

AZAs.
4.3 In vitro assays

Cell morphology assays
The development of alternative diagnostic strategies for the detection of phycotoxin
contamination in shellfish is driven by scientific, ethical and financial concerns.

To address this, an assay has been developed based upon the cytopathological
responses of cultured mammalian cells to phycotoxins. The primary response of these
cells to any OA family of toxins is to “round up” and lose their distinctive morphology,
within 3 hours, yet they remain about 90 percent viable for up to 48 hours. AZA
positive samples, when applied to this system, do not cause the “rounding up” effect
on cultured cells. Instead, the cellular viability, as measured by an MTT assay, drops to
less than 10 percent of the viability of control cells after 18-24 hours. Combination of
cell morphology observation at 3 hours with 24-hour viability measurement enables
the detection of both OA type toxins and AZA in shellfish (Flanagan ez al., 2001).

Transepitbelial electrical resistance (TEER) assays

As the main symptoms of AZA toxicity in humans are GI disturbances, the human
colon cell line, Caco-2, was selected for studies by Ryan er al. (2004), because of their
ability to form tight junctions and generate TEER. When Caco-2 cells are grown on
microporous membranes, they form an intact monolayer similar to the iz vivo GI tract.
The intactness of the monolayer can be measured as the TEER. The TEER reflects the
barrier function of the GI cells. Exposure of highly confluent cells to AZAs showed
significant reduction in the TEER. This assay has proved to be sensitive for detection
of AZA; however, full validation in matrix has yet to be carried out. It should be noted
that, while the TEER assay may be an appropriate functional assay, it is not specific to
AZAs but is also influenced by other toxins present, e.g. OA.

Both in wvivo and in wvitro assays are relatively lengthy because they require
16-24-hour observations (mouse and rat bioassay) or 24-hour exposure (morphology
and TEER assays).

To the authors’ knowledge, neither intralaboratory nor interlaboratory validation of
these functional methods for AZAs has been carried out.

4.4 Biochemical assays

No biochemical assays have been developed yet. However, at least two groups are
currently working on immunoassays (Norwegian Veterinary Institute, Oslo, and
National Diagnostic Centre Ireland, Galway). Because of the number of isomers and
homologues present, this technique would be most appropriate for detection in a
screening scenario.

4.5 Chemical analytical methods

AZAs do not have ultraviolet (UV) absorbance maxima above 210 nm. Therefore, UV
methods are not possible on the underivatized analyte. Derivatization of the AZA
molecule has not yet been achieved, although two groups have worked on this item
(Philipp Hess, personal communication, 2011). Similarly, fluorescence methods are not
available because of the lack of a derivatization method.
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Liquid chromatography-mass spectrometry (LC-MS)

The first LC-MS quantitative determination method reported for AZAs was based
on selected ion monitoring (SIM) detection (Ofuji et al, 1999b), with one ion per
compound and external calibration. Linearity was checked over a relatively wide
concentration range (from 50 pg to 100 ng). The recovery data were acceptable;
however, only the parent ion was monitored in this method, thereby limiting the
confirmatory character of this method.

An ion-trap LC-MS® method for AZAs was presented by James et al
(2001). A microliquid chromatography-tandem mass spectrometry method
(micro-LC-MS/MS) was developed for the determination of AZAs (Draisci et al.,
2000). The method reported focused on the identification of AZAs, so in fact it
had a qualitative accent. Eventually, the aim was formulated as “...to investigate the
suitability of LC-MS and LC-MS-MS in order to unambiguously detect AZA in
shellfish.” By applying SIM on the ions corresponding to the protonated molecules
only, the most sensitive form of detection was obtained (maximum intensities). Using
the collision-induced dissociation (CID) MS-MS capabilities of the tripleQ, a selected
reaction monitoring (SRM) method was developed, resulting also in quantitative
data. Good linearity (r>0.999) was observed for a small concentration range
(0.1 =1 pg/ml), while the detection limit was approximately 20 ng of AZA per gram
of whole mussel. In conclusion, the developed method provided very selective and
specific data. However, as stated by the authors, a “full validation was hampered by the
lack of availability of the AZA standard necessary for recovery experiments”.

Quilliam, Hess and Dell’ Aversano (2001) reported the integration of the analysis of
AZA-1 -3 into a multitoxin method, also incorporating DA, OA, DTXs, PTXs and
spirolides. This method enables the analysis of marker compounds from six groups
of toxins in a single LC-MS run, thereby significantly speeding up methodology for
screening. A variation of this method, analysing OA, DTXs and AZA-1-3, has been in
use in Ireland since 2001 and has the added advantage of the use of triple quadrupole
MS-MS, which enables added identification through the monitoring of two fragment
ions for each of the three AZAs (Hess et al., 2001, 2003). Similar to other reports,
this study also found very good sensitivity for AZAs, with a detection limit of about
0.2 ng/ml (= 2 pg on column), which translates into a determination limit of 0.01 pg/g
of shellfish flesh, 16-fold lower than the current EU limit.

Lehane et al. (2002) reported the development of a liquid chromatography-
electrospray ionization with mass spectrometry (LC-ESI-MS)" method for the
determination of the three most prevalent AZA toxins (AZA-1-3), as well as the
isometric hydroxylated analogues (AZA-4-5). They demonstrated that LC-multiple
tandem MS resulted in more sensitive analysis than LC-single-MS, which suggests
“that the reduction in background noise in MS" is more dramatic than the decline in
analyte signal.” Although the authors state they have developed a method that requires
minimal sample preparation steps, total sample preparation will most probably require
the major part of total analysis time.

Next to the article just mentioned, the same research group reported a comparison
of solid-phase extraction (SPE) methods for the determination of AZAs in shellfish
by the LC-ESI-MS" method of Lehane (Moroney et al., 2002). Good recovery and
reproducibility data were obtained for one diol SPE cartridge and two C4SPE cartridge
types. As they state: “the efficient SPE methods presented here for sample preparation
should prove more useful in the development of alternative analytical methods for AZP
toxins in shellfish.” This fits well with their earlier statement: “Sample preparation for
the determination of phycotoxins in shellfish can be problematic due, in part, to an
extensive variation in the toxic content.” The same group reported the same method
development in a different journal (Furey er al., 2002). Extensive linearity studies for
the determination in shellfish extracts are worth mentioning: Rather good results were
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obtained for a concentration range over two decades, which is typically sufficient for
regulatory control. An application based on the method just mentioned was reported
by the same group (James et al., 2002a, 2002b). The report shows LC-MS’ spectra of
AZA-1-3 both for standards and mussel extracts.

Brombacher, Edmonds and Volmer (2002) have reported a comprehensive study of
the mass spectrometric behaviour of AZAs using three types of mass spectrometry:
triple quadrupole, ion trap and quadrupole-time-of-flight hybrid mass spectrometry.
This study is confirmed by the findings of other reports and unpublished work,
indicating that the mass spectrometric behaviour is less dependent on the manufacturer
of a mass spectrometer (differences in source design, etc.) than on the type of mass
spectrometry (ion trap vs triple quad or Q-TOF). The same group also reported a
very rapid analysis of AZAs using monolithic columns (Volmer, Brombacher and
Whitehead, 2002), a technique that may be applied for a number of toxin groups and
lead to yet speedier analysis of the large number of lipophilic toxins potentially present
in a single sample.

An interlaboratory study of an LC-MS method for determination of AZA-1 (and
other lipophilic toxins) was carried out in shellfish extracts (Holland and McNabb,
2003). The eight participating laboratories generally obtained consistent sets of data for
the broad group of toxins down to low levels (< nag/ml, equivalent to 0.05 mg/kg). The
method could reliably detect AZA-1 and a range of other toxins. However, the results
were not sufficient to meet Codex requirements for a quantitative method to enforce
Codex standards.

As a consequence of limited availability of standards for AZAs for interlaboratory
studies, single laboratory validation according to the harmonized guideline
(IUPAC/AOAC/ISO) is under way in a number of Codex Member States (Ireland,
Norway, the United Kingdom, and others). The LC-MS approach continues to evolve
and improve for quantification of marine biotoxins and is increasingly being employed
in developed countries for marine biotoxin analyses. International initiatives will most
probably lead to interlaboratory validation according to internationally accepted
protocols, as soon as certified standards are available.

5. LEVELS AND PATTERNS OF CONTAMINATION OF BIVALVE MOLLUSCS

5.1 Occurrence of AZA in Europe

Although previously the heterotroph Protoperidinium crassipes had been associated
with AZAs, recent studies including a statistical review of Irish monitoring data (Moran
et al., 2007) could not corroborate this hypothesis. Instead, a small dinoflagellate was
discovered to produce AZAs in the field and in culture, Azadinium spinosum (Krock et
al., 2009; Tillmann ez al., 2009). Because of its small size (5 by 15 pm) and its fragility
to iodine-based fixing agents, this organism may not have been identified in other
regions. However, it is noted that A. spinosum has also been found in Danish waters
(Krock, Tillmann and Cembella, 2009b). In addition, AZAs have been reported to
occur in shellfish from France, Morocco, Portugal and the United Kingdom (Amzil
et al., 2008; EFSA, 2008; Taleb ez al., 2006; Vale, Bire and Hess, 2008). Finally, AZA-2,
a major analogue of AZA-1 also in Irish shellfish, has most recently been discovered in
a sponge collected from Japanese waters (Ueoka et al., 2009). Therefore, a significantly
wider geographical distribution than initially proposed must be assumed.
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Ireland

In November 1995, at least eight people in the Netherlands became ill after eating
mussels (Mytilus edulis), cultivated at Killary Harbour, Ireland (McMahon and Silke,
1996; Satake et al., 1998a). A toxin then called Killary Toxin-3 or KT3 was detected.
Satake ez al. (1998b) elucidated the structure of KT3 and called the toxin AZA. Mussels
collected in February 1996 showed a toxin content of 0.15 MU/g (=0.6 pg AZA/g)
(EU/SANCO, 2001).

Since 1996, mussels produced in Ireland have been linked to several AZP incidents
(in 1997, cases of contamination recurred in the Arranmore Island region of Donegal,
northwest Ireland, and repeatedly caused human intoxication in other European
countries). Although no known toxic phytoplankton were observed in cultivation
areas after these intoxications, it is probable that AZP toxins were produced by marine
dinoflagellates (James et al., 2002a).

Mussels collected at Killary Harbour on 23 April 1996 (5 months after the incident)
contained 1.14 pg AZA/g of meat, 0.23 pg AZA-2/g of meat and 0.06 pg AZA-3/g
of meat (total AZAs 1.4 pg/g of meat). Mussels collected at Arronmore Island on
3 November 1997 (1-2 months after the incident) contained 0.865 pg AZA/g of
whole mussel meat (including [HP]), 0.25 ng AZA-2/g and 0.24 pg AZA-3/g (total
AZAs 1.36 pg/g). Results of MBA revealed 0.4 MU/g of meat (Otuji ez al., 1999b).
Anderson er al., (2001) reported that the maximum AZA content in shellfish during
the Arranmore Island incident was 10.7 pg/g of HP.

In November 1997, James et al., (2000) detected 2.21 pg AZAs/g in raw whole meat
of mussels.

After the initial intoxication in Arranmore Island and Killary Harbour, the toxin
persisted for a further 7-8 months. Oysters seem to be just as susceptible as mussels to
intoxication by AZP toxins (Table 3) (James ez al., 2000).

TABLE 3
Levels of AZAs in mussels and oysters from Ireland
Location in Ireland Date L i Uil e
Hg/100 g (mussel) Hg/100 g (oyster)
County Cork November 1998 70 70
County Cork February 2000 10 20
Bruckless, Co. Donegal November 1999 10 30

This susceptibility has not been confirmed, as a more recent study shows a clear
difference between AZA-contamination in oysters compared with mussels (Hess ez al.,
2003).

5.2 Food consumption and dietary intake estimates
EU/SANCO (2001) stated that, based on poisoning incidents in Ireland, levels of
AZAs causing human intoxication were calculated to be between 6.7 and 24.9 pg. These
figures included a reduction in AZA content because of heating of the mussels. New
data on heat stability have revealed that this reduction of the toxin content because of
heating was not justified. Therefore, the recalculated range of the LOAEL appeared
to be between 23 and 86 pg per person assuming a maximum consumption of 100 g
shellfish/meal. EU/SANCO (2001) applied a safety factor of 3 to convert the lowest
observable adverse effect level (LOAEL) to a no observable effect level (NOAEL).
Based on an intake level of a maximum of 100 g shellfish meat/meal, and the lowest
LOAEL divided by three, EU/SANCO (2001) stated that an allowance level of
8 ng AZAs/100 g of shellfish should result in no appreciable risk for human health. To
allow for detection by MBA, a level of 16 pg/100 g was proposed.

However, at a shellfish consumption of 300 g/meal, a person will already be
consuming an amount of AZAs equal to the LOAEL in humans.
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Otuji et al. (1999b) reported a level for total AZAs in raw mussel meat in poisoning
incidents of 1.4 pg/g of meat. At a consumption of 100-300 g/meal, this means
an intake of 140—420 pg AZAs/person. As these figures represent an effect level
(LOAEL), usually a factor of ten is used for calculation of an NOAEL. This means
that the NOAEL is 14-42 pg per person assuming a consumption of 100-300 g shellfish
meat/meal. As a consequence, the allowance level in shellfish meat has to be 14 pg/100 g.
It has to be noted that no factor of ten was applied to the NOAEL for intraspecies
differences (variation in the human population).

5.3 Effects of processing
AZAs are heat stable and resistant to processing.

6. DOSE RESPONSE ANALYSIS AND ESTIMATION OF CARCINOGENIC RISK
No data at present.

7. EVALUATION?
7.1 Toxicology of azaspiracids and regulatory limits

Absorption, distribution, metabolism and excretion
No data are available.

Mechanism of action
No data are available.

Toxicity in animals

Preliminary experiments indicate that AZA-1, administered once or twice by gavage
at dose levels of 250-450 pg/kg b.w., caused death in some mice and serious GI,
pulmonary and hepatic effects that persisted for a prolonged period in those that
survived.

In a preliminary long-term experiment, repeated administration once or twice a
week by gavage of 20 pg/kg b.w. for 10-20 weeks caused death in some mice, and
doses of 5-20 pg/kg b.w. caused a statistically insignificant increased incidence of lung
tumours at 1 year in survivors. Because the strain of mouse used in this experiment
normally has a high background incidence of pulmonary as well as hepatic tumours,
these results may indicate that AZA is carcinogenic, or more probably, that it is a
tumour promoter. No genotoxicity data are available and no definitive conclusions
regarding relevance to humans can be drawn.

No oral toxicity data are available on AZA analogues, but on the basis of i.p. studies
in mice, it would appear that AZA-2 and -3 are somewhat more toxic than AZA-1, and
AZA-4 and -5 are less toxic.

Observations in bumans
Limited data in humans indicate an LOAEL between 23 and 86 pg/person for acute
GI effects.

2 It must be pointed out that, as a result of the Expert Consultation, the evaluation section in the report
differed from the draft chapter. The Evaluation Section of the present “Background Document”
corresponds to the Expert Consultation Report.
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Evaluation
The 2004 Expert Consultation established a provisional acute reference dose (AR{D)
of 0.04 pg/kg b.w., based on the LOAEL of 23 pg per person in humans and a b.w.
of 60 kg, using a tenfold safety factor to take into consideration the small number of
people involved.

The Expert Consultation found that because of insufficient data on the chronic
effects of AZA, no tolerable daily intake (TDI) could be established.

The consumption of 250 or 380 g shellfish meat by adults would lead to a derived
guidance level of 0.0096 or 0.0063 mg/kg, respectively.

Gaps in the data
The preliminary studies, in which AZA was administered by gavage, indicate the
possibility of severe and prolonged toxic effects at low doses. Administration by
gavage may, however, have contributed to the observed severe erosive effects in the
GI tract. Repeat studies involving administration of the test material by feeding are
urgently required.

To establish a TDI, data on long-term carcinogenicity and genotoxicity, and
reproductive toxicity are needed. Information on absorption, excretion and metabolism
is also required.

7.2 Analytical methodology

Available methods

In vivo bioassays

Mouse or rat bioassays can detect AZAs with a limit of detection (LOD) of about
0.16 mg/kg, but there are potential interferences from other lipophilic toxins. Further
method development and validation is required, particularly to achieve lower LODs.

Instrumental methods

AZAs lack a chromophore for LC-UV determination, and conditions for fluorescence
derivatization have not been established. However, LC-MS has shown great promise
as a highly specific and sensitive technique for detection of AZAs. One multitoxin
protocol (McNabb, Selwood and Holland, 2005) has been subjected to a full
within-laboratory validation (four shellfish species) and a limited interlaboratory
study. The limit of quantitation (LOQ) for this method was 0.05 mg/kg but lower
limits would be readily achievable, which will be necessary to enforce the proposed
levels.

Recommendation for choice of Reference Method (Type II)

Because an LC-MS method is the best available option, a collaborative study of a
multitoxin method that includes AZAs should be conducted to fully meet Type II
criteria. However, applicability of the technique is currently limited by the lack of
certified analytical standards.

Management of analytical results

Analytical data for all methods should be expressed as milligrams of AZA-1 equivalents
per kilogram of whole flesh, using toxicity equivalence factors (TEFs) for AZA-2 and
AZA-3. Other analogues are considered of low relevance.
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Standards and reference materials

Lack of reference materials and standards is a severe limitation to research, development,
method validation and management of AZA contamination. Codex should encourage
Member States to participate and fund initiatives such as those of the National
Research Council of Canada (NRC), Halifax, to develop standards and certified
reference materials (CRMs) for AZAs.
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Brevetoxins

This chapter was prepared by:

Dr Robert W. Dickey, FDA Gulf Coast Seafood Laboratory, the United States of
America

Dr Daniel Baden, Center for Marine Science, University of North Carolina
(Wilmington), the United States of America

Dr Lora E. Fleming, NSF-NIEHS Oceans and Human Health Center, University of
Miami, the United States of America

1. BACKGROUND INFORMATION

Neurotoxic shellfish poisoning (NSP) is caused by consumption of molluscan
bivalves that have accumulated brevetoxins (BTXs) from marine dinoflagellates of
the genus Karenia. Recent evidence suggests that several marine rhaphidophytes
(e.g. Chattonella spp.) also produce BTXs and are potential contributors to NSP. Until
1987, NSP was considered to be endemic to the North American Gulf of Mexico,
where “red tides” had been reported as early as 1844. Recent history has shown that
BTX-producing algae, and consequently NSP, have expanded well beyond the confines
of the Gulf of Mexico. In 1987, a major Florida K. brevis bloom was dispersed by the
Gulf Stream northward into waters of North Carolina, the United States of America,
where 48 persons became ill with NSP. Karenia brevis has since continued to be
observed in North Carolina waters. In 1992/1993, more than 180 persons became ill
in the first recorded outbreak of NSP in New Zealand. The algal species responsible
for this outbreak was not determined nor the circumstances surrounding its presence.
An extensive review concluded that K. mikimotoi was the most likely causative agent
but that at least three other suspect species were present at the time (Todd, 2002).
Confirmed occurrences of NSP appear to be limited to the North American Gulf of
Mexico, the southeast coast of the United States of America, and the New Zealand
Hauraki Gulf region. However, the discovery of new BTX-producing algae and the
apparent trend towards expansion of harmful algal bloom distribution suggest an
emerging public health hazard in other regions of the globe.

2. BREVETOXIN ORIGINS AND OCCURRENCE IN MOLLUSCAN SHELLFISH

2.1 Brevetoxin production by marine algae

2.1.1 Production by Karenia spp.

The NSP toxins, called BTXs, are cyclic polyether natural products produced
by a few species of marine dinoflagellates (e.g. K. brevis) and raphidophytes
(e.g. Chattonella sp.). Most of what is known about the BTXs derives from many years
of research on K. brevis (syns. Gymnodinium breve, Prychodiscus brevis). K. brevis
produces at least nine BTX congeners, grouped according to their backbone structures
(types A and B; Figure 1). Principal A-type BTXs are PbTx-1 and PbTx-7, and the
principal B-types are PbTx-2, PbTx-3, and PbTx-9. PbTx-2 is the most abundant
congener from K. brevis, while PbTx-1 is the most potent (Landsberg, 2002). In
their natural state, and as accumulated in molluscan bivalves, the BTXs are tasteless,
odourless, and heat and acid stabile.
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FIGURE 1
Chemical structures of type A and B brevetoxins

Brevetoxin A backbone

Nominal
R= Mass

PbTx-1 CH2C(CH2)CHO 866
PbTx-7 CH2C(CH2)CH20H 868
PbTx-10 CH2CH(CH3)CH20H 870

Nominal
R= Mass
PbTx-2 CH2C(CH2)CHO 894
PbTx-3 CH2C(CH2)CH20H 896

PbTx-8 CH2COCH2CI 916
PbTx-9 CH2CH(CH3)CH20H 898
PbTx-5 K-ring acetate of PbTx-2 936
PbTx-6 H-ring epoxide of PbTx-2 910

Source: Plakas et al., 2004.

2.1.2 Production of brevetoxins (BTXs) by Chattonella spp.

BTX production by raphidophyte species is a recent discovery and much remains to
be learned of their toxin profiles. BTX-like toxins are produced by four algal species
belonging to the class Raphidophyceae (raphidophytes). Three neurotoxic compounds
were isolated from Chattonella antigua cultures, CaTx-I, CaTx-II and CaTx-III,
which appeared to correspond to BTXs PbTx-2, PbTx-3 and oxidized PbTx-2. Five
neurotoxic components were tentatively identified from cultures of the red-tide-
producing species Fibrocapsa japonica, FjTx-1, FjTx-II, FjTx-1Ila, FjTx-IIIb and
FjTx-IV. These neurotoxic components corresponded to PbTx-1, PbTx-2, PbTx-9,
and PbTx-3 and oxidized PbTx-2, respectively. In 1995, an unusual large-scale red
tide of Heterosigma akashiwo occurred in Kagoshima Bay, Japan, causing massive
fish kills. Four neurotoxic components, HaTx-I, HaTx-IIa, HaTx-1Ib and HaTx-III,
corresponding to PbTx-2, PbTx-9, PbTx-3 and oxidized PbTx-2, respectively, were
isolated. Four neurotoxic components were isolated from Chattonella marina and
were identified to be PbTx-2, PbTx-3, PbTx-9 and oxidized PbTx-2.

2.2 Brevetoxin metabolites in bivalve molluscs

2.2.1 Bivalve metabolites of brevetoxins

Until recently, NSP toxins in shellfish were presumed to reflect only those toxins
produced by algae, unmodified as they accumulate in shellfish. Evidence to suggest
metabolism of PbTx in bivalve molluscs first appeared in chemical studies of
New Zealand shellfish after the 1992-93 outbreak of NSP (Ishida ez al., 1995, 1996,
2004a; Morohashi et al., 1995, 1999; Murata et al., 1998). Further evidence came from
studies in the Eastern oyster (Crassostrea virginica) following a 1996 Gulf of Mexico
K. brevis bloom (Dickey et al., 1999) and from a related NSP outbreak investigation
(Poli et al., 2000). Subsequently, metabolism of BTXs was demonstrated in Eastern
oyster through controlled laboratory exposures to K. brevis and its purified toxins
(Plakas et al., 2002, 2004; Wang et al., 2004). Results from these investigations suggest
that metabolites of PbTx contribute to shellfish toxicity, which is under-represented in
the traditional protocol for diethyl ether extraction and MBA.
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Several metabolites of PbTx were identified in molluscan shellfish following the
New Zealand bloom. Ishida et al. (1995) isolated a C-42 N-taurine conjugate of
PbTx-2 (named BTX-B1) in the cockle Austrovenus stutchburyi. Minimum lethal dose
(MLD) of BTX-B1 was 0.05 mg/kg i.p. in mice. Murata et al. (1998) found an oxidized
(sulphoxide) S-cysteine conjugate (named BTX-B2) in the greenshell mussel Perna
canaliculus, and proposed biosynthetic routes from either PbTx-2 or -3. The MLD of
BTX-B2 in mice was 0.306 mg/kg i.p. Morohashi ez al. (1995) described fatty acid esters
of PbTx-2 in P. canaliculus formed by cleavage of ring D, esterification with palmitic
or myristic acids, and oxidation of the terminal aldehyde, which they named BTX-B3.
These derivatives, in which the backbone structure is disrupted, were apparently non-
toxic (at 0.3 mg/kg i.p.) to mice. Morohashi et al. (1999) also isolated N-myristoyl- and
N-palmitoyl conjugates of BIX-B2 (named BTX-B4) in P. canaliculus. BTX-B4 was
threefold more toxic than BTX-B2 (cysteine-PbTx-B sulphoxide) and comparable in
potency to PbTx-3, accounting for two-thirds of the total mouse toxicity in mussel
tissue extracts (Morohashi et al., 1999). Ishida et al. (1996) identified an oxidative
metabolite of PbTx-2 in the cockle (Austrovenus stutchburyi), which they named
BTX-B5. The Pacific oyster Crassostrea gigas yielded only PbTx-2 and PbTx-3
(Ishida et al., 1996).

An equally complex profile of PbTx metabolites, including some of those found in
New Zealand shellfish, was identified in the Eastern oyster (Crassostrea virginica) after
the 1996 United States Gulf of Mexico K. brevis bloom. The extensive metabolism of
PbTx-2, including its reduction to PbTx-3 and PbTx-9, was demonstrated in studies
with pure toxin (Plakas er al., 2002; Wang er al., 2004). Cysteine and oxidized cysteine
conjugates of PbTx-1 (named cysteine-PbTx-A and cysteine-PbTx-A sulphoxide) and
PbTx-2 (named cysteine-PbTx-B and cysteine-PbTx-B sulphoxide) were identified
as the more prominent ions in the PbTx metabolite profile, by LC/MS (Plakas et al.,
2002, 2004; Wang et al., 2004). Cysteine-PbTx-B sulphoxide is the same compound
isolated previously from Greenshell mussel (BTX-B2) by Murata er al. (1998). Wang
et al. (2004) also identified glutathione and related di-peptide (y-glutamylcysteine
and cysteinylglycine) conjugates, with A- and B-type backbone structures, where
similar reaction through the sulphhydryl group of the cysteine residue was indicated.
Structures of these metabolites are presented in Figure 2.

Other BTX derivatives identified in Eastern oyster include the oxidized form of
PbTx-2, in which the terminal aldehyde group is replaced with a carboxylic acid group
(Wang er al., 2004). This is the same as BTX-B5 identified in the cockle (Ishida ez al.,
1996). Only trace levels of the corresponding oxidized form of PbTx-1 were found in
the oyster (Plakas ez al., 2004). Wang ez al. (2004) also described hydrolysis products
in Eastern oyster in which the lactone ring (A ring) of A- and B-type BTX backbone
structures is opened. These include the open A-ring forms of cysteine-PbTx-A and
cysteine-PbTx-B. Amino acid-PbTx conjugates react with fatty acids through amide
linkage to form a series of fatty acid-amino acid-PbTx conjugates (Wang ez al., 2004).
Most abundant were N-hexadecanoyl-cysteine-PbTx-B and its sulphoxide, and
N-tetradecanoyl-cysteine-PbTx-B and its sulphoxide. The sulphoxide forms were
structurally consistent with the BTX-B4 metabolites identified by Morohashi et al.
(1999) in Greenshell mussel. These fatty acid conjugates were major contributors to
the composite cytotoxicity in extracts of K. brevis-exposed oysters.

In general, conjugates with B-type BTX backbone structure were in much higher
abundance than those of A-type in Eastern oyster (Wang et al., 2004). This is consistent
with the relative abundances of their respective parent algal toxins PbTx-2 and PbTx-1
found in K. brevis field samples and cultures from the United States Gulf of Mexico
region. The BTX metabolite profile observed in field-exposed oysters was confirmed
in oysters exposed to K. brevis cultures in the laboratory (Plakas et al., 2002, 2004;
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Wang et al., 2004). Comparisons with New Zealand shellfish data indicate some species
specificity in the molluscan metabolism of BTXGs.

FIGURE 2
Structures of the cysteine (and peptide) adducts of BTX as identified in
the Eastern oyster by LC-MS(/MS)
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Source: Plakas et al., 2004.

2.2.2 Uptake and elimination

Research efforts to identify PbTx metabolites in molluscan bivalves, as summarized
above, are very recent. Similarly, detailed studies of uptake and elimination of PbTx and
its metabolites in bivalves are only now appearing in the scientific literature. Dickey
et al. (1999) reported that the PbTx-contaminated Eastern oyster retained toxicity by
MBA for up to 75 days after dissipation of a K. brevis bloom in the United States Gulf
of Mexico. In controlled studies exposing oysters to pure BTXs (PbTx-3 and PbTx-2),
Plakas er al. (2002) determined that PbTx-3 was rapidly accumulated and eliminated
unaltered within two weeks after exposure. PbTx-2 was also rapidly accumulated but
was extensively metabolized. A portion of the PbTx-2 was immediately reduced to
PbTx-3 and eliminated within two weeks, as was the case for direct PbTx-3 exposure.
Other metabolites (i.e. cysteine conjugates) were eliminated slowly from the oyster,
persisting throughout an eight-week depuration period. In a more recent six-month
depuration study, Plakas ez al. (2004) examined the elimination of PbTx and metabolites
in Eastern oyster following controlled exposures to K. brevis cultures. Slow depuration
of BTX metabolites was confirmed through measurement of specific metabolites
by using LC-MS and through measurement of composite toxin by in vitro assays
(i.e. receptor binding, cytotoxicity, and enzyme-linked immunosorbent assay [ELISA]).
Potential LC-MS determinants of PbTx exposure and toxin content were identified.
Results of this comprehensive elimination study are detailed below.
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2.2.2.1 Parent polyether brevetoxins (PbTxs) and reduction products

In oysters exposed to K. brevis cultures in the laboratory, parent algal BTXs PbTx-1
and PbTx-2 were not detectable by LC-MS. Both possess an unsaturated aldehyde in
their tail regions, conferring high reactivity. This finding was consistent with earlier
studies of oysters exposed in the laboratory to pure BTX PbTx-2 (Plakas er al., 2002)
and in the field to K. brevis blooms (Poli et al., 2000; Plakas et al., 2002). PbTx-3 and
PbTx-9, which are found in K. brevis but are also products of reductive metabolism of
PbTx-2 (Plakas er al., 2002; Wang et al., 2004), were found in appreciable levels, but
eliminated largely within two weeks of depuration. PbTx-7 and PbTx-10, the reduced
forms of PbTx-1, were non-detectable.

2.2.2.2 Oxidation products

Oxidized PbTx-2 was found at lower levels than those of the reductive metabolites in
Eastern oyster, but declined at a similar rate, and was not detectable at one week after
exposure. Only trace levels of the corresponding oxidized form of PbTx-1 were found
under these conditions. In a study of New Zealand shellfish (i.e. cockle, Greenshell
mussel), the oxidized PbTx-2 compound (BTX-B5) was also eliminated rapidly
(Ishida er al., 2004b). The study considered BTX-B5, together with PbTx-3, good
markers of shellfish neurotoxicity following K. brevis blooms.

2.2.2.3 Amino acid (and peptide) adducts
Cysteine adducts of PbTx-1 and PbTx-2 are the most prominent ions in the PbTx
metabolite profile in Eastern oyster, by LC-MS. Cysteine adducts of PbTx-1 and
PbTx-2 are also very persistent in the oyster, and were detectable for up to six months
after exposure to K. brevis (Figure 2). Elimination half-lives were as follows: cysteine-
PbTx-B, 8.2 weeks; cysteine-PbTx-B sulphoxide, 10.5 weeks; cysteine-PbTx-A,
8.7 weeks; and cysteine-PbTx-A sulphoxide, 10.9 weeks. The sulphoxide forms
comprised on average 26 percent of the total cysteine conjugates for A- and B-type
BTXs. However, sulphoxidation was recognized as an artefact of sample preparation
and storage (Plakas er al., 2002; Wang er al., 2004), and the extent to which it occurs
in the oyster as a product of BTX metabolism is unknown. Based on this study, and
those described, the S-cysteine (and its sulphoxide) adduct(s) is an excellent marker for
BTX exposure in the Eastern oyster, based on its high abundance and persistent nature.
Of the peptide adducts (Figure 2), glutathione-PbTx-B was found in the highest
relative abundance. Levels of this metabolite were initially comparable with those of
the cysteine adducts, but declined rapidly and were not measurable beyond two weeks
of depuration. Glutathione-PbTx-A was in much lower abundance initially and non-
detectable at one week. Similarly, cysteinylglycine and y-glutamylcysteine conjugates
were in relatively low abundance, non-detectable at two weeks after dosing. Elimination
of glutathione and related di-peptide conjugates was considerably more rapid than that
of the cysteine conjugates, and comparable to that of PbTx-3 and PbTx-9.

2.2.2.4 Hydrolysis products

Hydrolysis products, as identified by Wang et al. (2004), include the open A-ring forms
of cysteine-PbTx-A and cysteine-PbTx-B. These open A-ring cysteine adducts were as
persistent in the oyster as their closed-ring counterparts, but unstable in extracts, and
their elimination was not described. As expected, open A-ring forms of the reactive
parent BTXs PbTx-1 or PbTx-2 were not found in the oyster, while that of the A-type
BTX PbTx-7 was found. Open A-ring forms of BTXs (including PbTx-1 and PbTx-2)
are found in K. brevis culture, but have not been studied quantitatively, nor conditions
of their formation (in culture).
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2.2.2.5 Fatty acid-amino acid-PbTx adducts

Fatty acid-amino acid-PbTx conjugates give relatively weak signals by LC-MS,
compared with the cysteine conjugates. In the elimination study, these metabolites
persisted at low levels for up to ten weeks of depuration. With low signal: noise and
variable responses, no attempt was made to model their elimination. Because of their
diverse nature and relatively low abundance, fatty acid conjugates may prove less
useful LC-MS markers for BTX exposure or total toxin content in Eastern oyster,
while their overall contribution to toxicity is possibly substantial.

FIGURE 3
Elimination of composite toxin
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Notes: As measured by cytotoxicity and receptor binding assays, in the oyster after exposure to K. brevis.
Source: Plakas et al., 2004.

2.2.2.6 Measurement of composite toxin
Elimination of composite toxin in the oyster was determined by in vitro assay. Toxin
measurements by cytotoxicity assay were compared with those of receptor binding
assay (RBA), as these assays are functionally based, where binding of BTXs to the
pharmacologic receptor (voltage-gated sodium channel) is the recognition element
(Van Dolah and Ramsdell, 2001). Both assays respond to BTX metabolites in the oyster
(Plakas et al., 2002, 2004; Wang er al., 2004). Composite toxin measurements by either
assay reflect a slow elimination of BTXs in the oyster following K. brevis exposure,
with toxin activity detectable for 5-6 months after dosing (Figure 3). Elimination
half-lives for composite toxin as determined by cytotoxicity and RBAs were 3.2 and
3.0 weeks, respectively. While slopes of the elimination curves were nearly the same,
numerically cytotoxicity values were on average thirtyfold greater than those of
the RBA, as measured against PbTx-3 standard. Similar ratios in assay values were
found previously (Dickey er al., 1999). Differences in responses were attributable to
metabolites less polar than PbTx-3 (i.e. fatty acid conjugates), for reasons unknown.
Rate of elimination of composite toxin was also measured by ELISA. ELISA, as
performed here, incorporated antibody directed against BTXs of B-type backbone
structure (specifically, H-K ring region). ELISA data were correlated closely with
LC-MS data when plotted against the more abundant B-type BTX metabolites,
cysteine-PbTx-B and cysteine-PbTx-B sulphoxide (Figure 4). Elimination half-
lives for composite toxin by ELISA and for the summed LC-MS value were
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7.8 and 7.9 weeks, respectively. ELISA and RBA are considered viable alternatives to
MBA in screening toxic oysters after K. brevis blooms (Dickey er al., 2004). However,
the data illustrate that ELISA and RBAs can diverge in their measurements because
of BTX metabolites. Based on the elimination curves, the most persistent metabolites
(i.e. cysteine conjugates) appear inherently less toxic (by iz vitro assay) compared with
PbTx-3. Differences in responses of iz vitro assays to BTX metabolites, compared with
PbTx-3 standard, were also noted previously (Poli ez al., 2000).

Murata ez al. (1998) found BTX-B2 (cysteine-PbTx-B sulphoxide) with one-third
the cytotoxicity of PbTx-3. Differences in assay responses to PbTx and metabolites
may be particularly apparent under chronic or multiple exposure conditions, where
accumulation of the cysteine conjugate would be expected.

FIGURE 4
Elimination of composite toxin
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Notes: As measured by ELISA (B-type BTXs), versus the sum of the B-type cysteine adducts (m/z 1018 and 1034), as
determined by LC-MS, in the oyster after exposure to K. brevis.
Source: Plakas et al., 2004.

3. BIOLOGICAL DATA IN MAMMALS

3.1 Biochemical aspects

3.1.1 Absorption, distribution, excretion and biotransformation

In the toadfish model (Opsanus beta), Kennedy et al. (1992) found that radiolabelled
PbTx-3 was rapidly distributed within 1 hour of intravenous (i.v) administration
(40.2 percent muscle, 18.5 percent intestine and 12.4 percent liver); after 96 hours,
levels in the liver remained constant, but those in bile, kidney and skin increased, with
a variety of metabolites detected.

Cattet and Geraci (1993) orally administered sublethal doses (18.6 pg/kg) of PbTx-3
in rats, and found wide distribution to all organs, with the highest concentrations in
the liver up to 8 days after exposure. Ingested PbTx-3 was eliminated approximately
equally in urine and faeces. Male F344 rats received a single oral dose of H?-labelled
PbTx-3 and were killed after 6, 12, 24, 48, 96 or 192 hours. Tissues were collected
and analysed for radioactivity. Another group of animals received a bolus dose of
H3-PbTx-3 orally; urine and faeces were collected at 24-hour intervals for a period
of 7 days. PbTx-3 distributed widely to all organs and concentrations decreased
gradually with time. The highest PbTx-3 level was found in the liver at all sampling
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times. Based also on the intravenous (i.v.) studies described below, it can be concluded
that the liver received PbTx-3 from the portal as well as the hepatic circulation, and
so continued to accumulate PbTx-3. Seven days after administration of the oral bolus
dose approximately 80 percent of the dose was excreted via urine and faeces, with
equivalent amounts in each. However, during the first 48 hours, more PbTx-3 was
cleared through the faeces, whereas afterwards, most toxin was cleared through urine
(Cattet and Geraci, 1993; FAO, 2004).

With i.v. administration of PbTx-3 in rats, Poli et al. (1990a, 1990b) found that
approximately 90 percent of the administered radioactive tracer was cleared within one
minute from the circulation. I.V. studies in male Sprague-Dawley rats with H?-labelled
PbTx-3 showed a rapid clearance of PbTx-3 from bloodstream (<10 percent remained
after 1 minute) and distribution to the liver (18 percent of the dose after 30 minutes),
skeletal muscle (70 percent of the dose after 30 minutes) and gastrointestinal (GI)
tract (8 percent of the dose after 30 minutes) (T, distribution phase approximately
30 seconds). Furthermore, radiolabelling distributed to the skeletal muscle (70 percent),
liver (19 percent), and intestine (8 percent) with little activity found in the heart,
kidneys, lungs, spleen, testes or brain. Elimination over a 24-hour period was primarily
through the faeces. The parent compound was present in the skeletal muscle, but
several metabolites of PbTx-3 excreted in the bile were found in the faeces. Thin layer
chromatography (TLC) of urine and faeces indicated biotransformation to several
more polar compounds. By day 6, 14.4 percent of radioactivity had been excreted
in urine and 75.1 percent in faeces, with 9.0 percent remaining in carcass, suggesting
biliary excretion as an important route of elimination (FAO, 2004).

To evaluate BTX toxicokinetics from acute exposure up to 7 days, Benson, Tischler
and Baden (1999) dosed 12-week-old male F344/Crl BR rats with a single exposure
of 6.6 pg/kg PbTx-3 through intratracheal instillation. More than 80 percent of the
PbTx-3 was rapidly cleared from the lung and distributed by the blood throughout
the body, particularly the skeletal muscle, intestines and liver with low but constant
amounts present in blood, brain and fat. Approximately 20 percent of the toxin was
retained in the lung, liver and kidneys for up to 7 days. The majority of the PbTx-3 was
excreted within 48 hours after exposure, with twice as much excreted in the faeces as in
the urine. The results of this study suggest that the potential health effects associated
with inhaled BTXs might extend beyond the transient respiratory irritation seen in
humans exposed to sea-spray during red tides (Benson, Tischler and Baden, 1999;
FAQ, 2004).

Studies with isolated perfused livers and isolated hepatocytes confirmed the liver
as site of metabolism and biliary excretion as an important route of toxin elimination.
PbTx-3 was excreted into bile as parent toxin plus four more-polar metabolites, one of
which appeared to be an epoxide derivative. Whether this compound corresponded to
PbTx-6 (C27-28 epoxidized PbTx-2), to the corresponding epoxide of PbTx-3 or to
another structure is unknown (Poli et al., 1990a, 1990b; van Apeldoorn, van Egmond
and Speijers, 2001; FAO, 2004).

The in wvitro percutaneous penetration of *H-labelled PbTx-3 in human and
guinea-pig skin was examined and the effects of three vehicles (water, methanol and
dimethylsulphoxide [DMSO]) were compared. Epidermal surfaces with PbTx-3 in
water were occluded for the entire duration (48 hours) of the experiment in order
to reduce evaporation. Epidermal surfaces with PbTx-3 in methanol or DMSO were
exposed to ambient conditions (incubation of diffusion cells at 36 °C). Total penetration
through the isolated human skin was 0.43, 0.14 and 1.53 percent of the dose with water,
methanol and DMSO as vehicle, respectively. Total penetration through guinea-pig
skin was 1.5, 3.4 and 10.1 percent of the dose with water, methanol and DMSO as
vehicle, respectively. Penetration through guinea-pig skin was significantly faster than
through human skin with methanol and DMSO as vehicles. Analysis of the receptor
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fluid indicated that >80 percent of radioactivity was associated with unchanged PbTx-3
(Kemppainen er al., 1989; FAO, 2004).

Dermal penetration and distribution of *H-labelled PbTx-3 into pig skin
(0.3-0.4pg/cm?of skin) wasstudied ininvivoandinvitrostudies. DMSOwasused asvehicle.
In the in vivo studies, the application site was covered with a non-occlusive protective
patch. In the in vitro studies, the epidermal surfaces were exposed to ambient air (22 °C).
In vivo studies revealed a mean cutaneous absorption of 11.5 percent of the administered
dose during 48 hours of topical application (calculated by dividing percentage of dose
excreted following topical administration by percentage of dose excreted following
subcutaneous [s.c.] administration and multiplying by 100). In in vitro studies, mean
cutaneous absorption during 48 hours after application was 1.6 percent (based on
accumulation of radioactivity in receptor fluid) or 9.9 percent (based on receptor fluid
and dermis). Penetration through the epidermis into the dermis was rapid; maximal
dermal accumulation was seen at 4 hours (9.1 percent iz vivo and 18 percent iz vitro).
At 24 hours, the amount in the dermis decreased to 2.3 and 15 percent i vivo and
in vitro, respectively. In the in vitro study, >95 percent of radioactivity in the receptor
fluid was unchanged PbTx-3 (Kemppainen et al., 1991).

3.1.2 Effects on enzymes and other biochemical parameters

BTXs as potent mixtures are characterized by a multiplicity of congeners that change
in relative concentrations to one another with bloom growth stage in situ and age of
the red-tide culture in the laboratory, and the presence and absence of antagonists and
metabolites. PbTx-1 and PbTx-2 remain the structural backbones of all natural BTXs
and their active and inactive metabolites. The newly identified natural antagonists,
brevenals, although polyether molecules, are neither derivatives nor metabolites. Their
structures represent totally novel polyethers with the remarkable property of acting as
antagonists or reversing agents for effects caused by the BTXs. Subtle changes in the
conformational preference of derivative BTXs induce a significant change in the gross
shape of the molecule, which is in part believed to be responsible for the loss of binding
affinity and toxicity (Rein et al., 1994). Brevenals are known to displace BTXs in RBAs;
the nature of which is presumed to be competitive, but this is a phenomenon that has
yet to be demonstrated conclusively (Bourdelais et al., 2003, 2004). Like the BTXs,
multiple forms of these biologically active materials exist (A. Bourdelais, personal
communication).

Compared with STXs, which block Na* ion influx, BTXs specifically induce
a channel-mediated Na*ion influx (Baden and Trainer, 1993). Although evidence
suggests that BTXs affect mammalian cortical synaptosomes and neuromuscular
preparations and possibly mast cells (Gallagher and Shinnick-Gallagher, 1980; Risk et
al., 1982; Kirkpatrick er al., 2004), all of the effects associated with BTXs result from
the substantial and persistent depolarization of nerve membranes (Wu and Narahashi,
1988). This depolarization alters the membrane properties of excitable cell types in
ways that enhance the inward flow of Na* ions into the cell; this current can be blocked
by external application of tetrodotoxin.

The BTXs act by binding at site 5 in a 1:1 stoichiometry to the a-subunit associated
with voltage-sensitive sodium channels (Rein et al, 1994). The toxin appears to
produce its sensory symptoms by transforming fast sodium channels into slower
ones, resulting in persistent activation and repetitive firing (Watters et al., 1995; FAO,
2004; Baden, 1983; Purkerson, Baden and Fieber, 1999). Recent work by Purkerson,
Baden and Fieber (1999) and others using electrophysiology studies of single sodium
channel of rat CNS cells suggest that PbTx-3 may cause hyperexcitability, as well as
inhibitory effects, in the intact brain (Apland, Adler and Sheridan, 1993; Templeton,
Poli and Solon, 1989; Templeton, Poli and LeClaire, 1989). As a consequence of
their lipid solubility, these toxins are expected to pass easily through cell membranes



60

Assessment and management of biotoxin risks in bivalve molluscs

including the blood brain barrier (BBB), as well as buccal mucosa and skin (Mehta,
Kemppainen and Stafford, 1991; Kemppainen et al., 1991; Apland, Adler and Sheridan,
1993). Further, Rein et al. (1994) and Jeglitsch er al. (1998) demonstrated that specific
derivatization of specific loci on the active BTX molecule results in a demonstrated
reduction in peculiar aspects of BTX action. BTXs induce four separate effects on
the voltage-sensitive sodium channel (interchangeable in literature with voltage-gated
sodium channel): shifting of the activation potential to more negative values, making
normally closed channels favour an open configuration; a prolongation of mean open
time so that once channels are open they remain so longer; an inhibition of inactivation
so that channels cannot reach the inactivated state to allow allosteric reversion to the
closed state; and certain derivatives induce multiple subconductance states that result
in aberrant gating kinetics. Each of these aspects of normal toxic action occurs as a
result of a demonstrated chemical modification. The conclusion that can be extracted
from these findings is that the overall human symptomatology, as well as potency, will
likely change depending on the complement of toxin derivatives present (including the
antagonists that will reduce potency).

The respiratory problems associated with the inhalation of aerosolized Florida
red-tide toxins are believed to result from the opening of sodium channels of nerve
cell membranes by the BTXs (Baden and Mende, 1982; Baden and Trainer, 1993;
Asai et al., 1982; Borison, Ellis and McCarthy, 1980; Franz and LeClaire, 1989;
Baden, 1989). These effects can be blocked by atropine (muscarinic blocker) as well
as tetrodotoxin (sodium channel blocker), but not by the interruption of vagal nerve
stimulation or by diaphragm dissection in experimental animals (Baden and Mende,
1982; Gallagher and Shinnick-Gallagher, 1980; Asai et al., 1982; Trainer et al., 1991;
Baden, 1989; Tsai, Chou and Chen, 1991; Watanabe, Lockey and Krzanowski, 1988).
In isolated canine tracheal smooth muscle, neostigmine, an acetylcholinesterase
inhibitor, potentiated the BTX-induced contraction; mepyramine, phentolamine,
methysergide and chlorisondamine did not affect the contraction (Asai et al., 1982). In
isolated human bronchial smooth muscle, Shimoda et /. (1988) found similar results
as well as attenuation by verapamil (calcium and sodium channel blocker). Therefore,
BTX produces contraction of the lower airway smooth muscle by stimulation of the
cholinergic nerve fibre sodium channels with acetylcholine release. However, additional
pathways may be important for physiological effects of BTX. For example, in the rat
vas deferens, Sakamoto et al. (1985) found that BTX stimulated sodium channels on
adrenergic nerve fibres, releasing norepinephrine from the nerve endings.

In addition, there appears to be a role for mast cells in the BTX-associated
respiratory effects. Watanabe, Lockey and Krzanowski (1988) noted that BTX could
combine with a separate site on the h gates of the sodium channel, causing the release
of neurotransmitters from autonomic nerve endings. In particular, this can release
acetylcholine, leading to smooth tracheal muscle contraction, as well as massive
mast cell degranulation. The mast cell contribution to the adverse airway effects of
BTX is supported by studies in a sheep model of asthma. In this model, aerosolized
BTX causes bronchoconstriction (i.e. reversible pulmonary airway constriction) that
can be blocked by the mast cell stabilizing agent cromolyn and the histamine H;
antagonist chlorpheniramine (Singer er al., 1998). Thus, in addition to the direct neural
component, BTX appears to induce the release of histamine from mast cells and the
combination of these actions results in adverse airway effects. Furthermore, because
BTX exposure by the respiratory route results in systemic distribution of BTX, the
initial bronchoconstriction may only be part of the overall consequences associated
with toxin inhalation, including direct effects on the CNS (Benson, Tischler and Baden,
1999; Apland, Adler and Sheridan, 1993).

Computer modelling suggests that BTX is a possible enzymatic binding inhibitor
of cysteine cathepsins. Cathepsins are powerful lysosomal proteinases and epitope
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presenting enzymes, found within cytosol or lysosomes of macrophages, lymphoid
tissues and other cells (Bossart et al., 1998; Sudarsanam et al., 1992). Sudarsanam et
al. (1992) demonstrated conclusively the competitive inhibition pattern of PbTx-2 on
both papain (the parent for the superfamily to which cathepsins B, H, and L belong)
proteolytic activity as well as with procathepsin L experiments. Bossart et al. (1998)
postulated that the effects of aerosolized BTXs might be chronic, not just acute. These
chronic effects would begin with the initial phagocytosis by macrophages, inhibition
of cathepsins, and apoptosis of these cells, followed by the phagocytosis of the debris
by new macrophages, ultimately resulting in chronic neuro-intoxication, haemolytic
anaemia, and/or immunologic compromise.

BTXs undergo biotransformation in rodents and fish (Poli er al, 1990a, 1990b;
Kennedy er al, 1992). In fish, the BTXs induce both cytochrome P4501A, and
glutathione S transferase with a variety of pathways for metabolism (Washburn
et al., 1996; Washburn et al., 1994). On the basis of evaluations of PbTx-3 on the
sodium channels of rat sensory neurons, Jeglitsch er al. (1998) suggested that PbTx-3
metabolites might be more potent than PbTx-3 parent compound in affecting sodium
channels. Work by Poli et al. (2000) evaluating metabolites in both the urine of three
persons suffering from NSP and from the contaminated shellfish supported this
conclusion; the authors suggested that these toxic metabolites from both the shellfish
and the humans may be an additional cause of NSP and should be taken into account
during regulatory testing. Unpublished work by Naar and Kubanek failed to show any
oral potency using these metabolites (J. Naar, personal communication).

As discussed above, after its synthetic creation, a new ladder-frame polyether
compound named “brevenal” containing five fused ether rings was isolated from
cultures of the marine dinoflagellate Karenia brevis. This compound, together with the
dimethyl acetal derivative isolated at the same time, displaces BTX from its binding
site in rat brain synaptosomes. Significantly, they are also non-toxic to fish, and also
antagonize the toxic effects of BTXs in fish and mammals, presumably by releasing
BTX from its site of activity on excitable membranes (Purkerson-Parker ez al., 2000;
Purkerson, Baden and Fieber, 1999; Bourdelais et al., 2003; Bourdelais et al., 2004).

3.2 Toxicological studies
3.2.1 Acute toxicity
Fish, birds and mammals are all susceptible to the BTXs. In the mosquito fish
(Gambusia affinis) bioassay, the LCs, (24 hour) is reported at 0.011 pg/litre
(0.005-0.023), while with Japanese medaka (Oryzias latipes) the LCy, was reported
to be 0.015-25 pg/ml (Bossart et al., 1998; Forrester et al., 1977; Geraci, 1989;
O’Shea et al., 1991; Laverty, 1993; Trainer and Baden, 1999; Anderson, 1994;
Sierra-Beltran et al., 1998; Cortes-Altamirano, Hernandez-Becerril and Luna-Soria,
1995; Ellis, 1985; ILO-UNEP-WHO, 1984; Poli, 1988). Fish kills associated with
these red tides have been estimated up to 100 tonnes of fish per day during an active red
tide. The fish are killed apparently through lack of muscle coordination and paralysis,
convulsions and death by respiratory failure. Birds die acutely with neurologic and
haematological effects.

Lu and Tomchik (2002) evaluated the effect of PbTx-3 on the hearing sensitivity of
a teleost fish, the goldfish (Carassius auratus). The LDs, (24 hour) in goldfish that were
intraperitoneally injected with PbTx-3 was 0.068 pg/g. Evoked auditory brainstem
responses were recorded, and hearing threshold was determined using a correlation
method. By comparing thresholds of fish before and after a sublethal-dose injection
(0.064 pg/g) of the toxin, PbTx-3 significantly reduced auditory sensitivity up to 9 dB
at low frequencies (100 Hz and 500 Hz), but not at a high frequency (2 000 Hz).
Reduction of hearing sensitivity was recovered within 24 hours. Results of the study
indicate that PbTx-3 could affect hearing capabilities of marine animals that survived
exposure to red tides.
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With respect to mammals (Table 1), the mouse LD, (24 hour) is 0.170 mg/kg b.w.
(0.15-0.27) intraperitoneally, 0.094 mg/kg b.w. intravenously and 0.520 mg/kg b.w.
orally (Baden, 1983; Baden, Fleming and Bean, 1995; ILO-UNEP-WHO, 1984).
Franz and LeClaire (1989) reported respiratory failure in less than 30 minutes in guinea
pigs exposed intravenously to 0.016 mg/kg PbTx-3.

TABLE 1
Acute BTX toxicology

24 hour LD50

(BI;.?;’(‘)!tOXin Route Obs:ixztion value Vehicle References
(ug/kg b.w.)
PbTx-2 oral (females) 24 hours 6 600 0.9% saline Baden and Mende 1982,
Baden et al. 1982
PbTx-3 oral (females) 24 hours 520 0.9% saline Baden and Mende 1982,
Baden et al. 1982
PbTx-3 intravenous 24 hours 94 0.9% saline Baden and Mende 1982,
(females) Baden et al. 1982
PbTx-2 intravenous 24 hours 200 0.9% saline Baden and Mende 1982,
(females) Baden et al. 1982
PbTx-1 intraperitoneal 24 hours >100 0.9% saline + Dechraoui et al., 1999
0.1% Tween
60
PbTx-3 intraperitoneal 24 hours 170 0.9% saline Baden and Mende 1982,
(females) Baden et al. 1982
PbTx-2 intraperitoneal 24 hours 200 0.9% saline Baden and Mende 1982,
(females) Baden et al. 1982

Source: Adapted from FAO, 2004.

BTXs produce a variety of centrally and peripherally mediated effects in vivo;
these include a rapid reduction in respiratory rate, cardiac conduction disturbances,
and a reduction in core and peripheral body temperatures (cited from van Apeldoorn,
van Egmond and Spejjers, 2001; FAO, 2004). In orally dosed mice, PbTx-3 caused
tremors, followed by marked muscular contractions or fasciculations, Straub tail
phenomenon (a stiff dorsiflexion of the tail resulting from cholinergic excitation),
a period of laboured breathing and death. Mice injected with PbTx-3 exhibited the
SLUD syndrome, i.e. salivation, lacrimation, urination and defecation. Hypersalivation
was the most pronounced symptom, while copious urination and defecation were also
common. Compulsive chewing motions and rhinorrhea were occasionally present at
higher dosages. I.V. dosing to mice produced immediate effects, whereas i.p. and oral
dosing caused latent (30 minutes and 5 hours, respectively) responses. The twofold
more potency of PbTx-3 after i.v. dosing compared with i.p. dosing points to partial
detoxification or excretion in the bile during the first passage to the liver as described
above (Baden and Mende, 1982). In rats, gasping-like respiratory movements,
head-bobbing, depression, ataxia, and, in some animals, the development of a head
tilt were observed (cited from van Apeldoorn, van Egmond and Speijers, 2001;
FAQ, 2004).

Groups of four male rats received, after surgical preparation and a 24-hour recovery,
an 1.v. infusion during 1 hour with vehicle only or with 12.5, 25, 50 or 100 pg PbTx-2/
kg b.w. and were monitored for 6 hours or until death. All animals at the 100 pg/kg
b.w. dose level died within 2 hours. One out of four animals at 50 pg/kg b.w. died
during the 6-hour study; the remainder of the animals survived. Within 90 minutes, the
respiratory rates at 12.5 pg/kg b.w. fell to near 60 percent of baseline value and at 25,
50 and 100 pg/kg b.w. to 20 percent of baseline value. Recovery to normal respiratory
rates occurred 6 hours after exposure except in the 50 pg/kg b.w. group, which recovered
to only 60 percent of baseline value. During the first 2 hours, dose-dependent decreases
in core body temperature occurred in all treated groups, and a significant decrease in
peripheral body temperature was seen in all but the 12.5 pg/kg b.w. group. An average
decrease in peripheral body temperature of 0.5 °C was seen in the 12.5 pg/kg b.w.



Assessment of the risk of biotoxins in bivalve molluscs: brevetoxins

63

group. Blood gas values remained normal, except terminally. Electrocardiography
showed at doses >25 pg/kg b.w. heart block, premature ventricular contractions and
idioventricular rhythms (cited from van Apeldoorn, van Egmond and Speijers, 2001).

Catheterized male Hartley guinea pigs received an i.v. infusion with PbTx-3 at a
rate of 0.63 pg/kg/minute until death of the animal. The mean time until respiratory
failure was 25 minutes. The mean dose of PbTx-3 at that time was 15.8 pg/kg. PbTx-3
caused lactic acidosis of unknown etiology that began early in the infusion period
and was compensated for by increased minute volume. Airways resistance was not
increased, nor was dynamic compliance decreased during intoxication, suggesting that
neither central airways (upper airways, trachea and second-third generation airways)
nor peripheral airways responded significantly (Franz and LeClaire, 1989; cited from
van Apeldoorn et al., 2001; FAO, 2004).

The 1.v. LD, in mice of the haemagglutinative fraction separated from red tides
of Chattonella marina, appeared to be 2—4 mg/kg b.w. The mice showed respiratory
paralysis (cited from van Apeldoorn et al., 2001; FAO, 2004). L.P. injection of the
haemagglutinative fraction, separated from red tides of Chattonella marina, in mice
at a dose of 2.5 mg did not cause any abnormal sign (cited from van Apeldoorn,
van Egmond and Speijers, 2001; FAO, 2004).

Repeated inhalation of PbTx-3 (approximately 250 pg/m?®) resulted in neuronal
damage in brains of mice exposed for just 2 days (6 hours total exposure; T. Murray,
personal communication) and significant inhibition of antigen recognition in rats
exposed 0.5 hour/day for 5 days (J. Benson, personal communication). Although
the aerosol exposure concentrations are orders of magnitude higher than recently
measured along Florida beaches during a moderate red tide (Pierce et al., 2003), to date,
acute adverse effect levels for these toxic responses have not been identified in rodents
through the aerosol route (J. Benson, personal communication).

3.2.2 Short-term toxicity

In animal studies with inhaled BTXs, suppressed splenic antibody production
was observed among Sprague Dawley rats inhaling aerosols of crude K. brevis
extract 4 hours/day for 1 and 4 weeks. No toxicity to the nervous, respiratory or
haematopoietic systems was noted (Benson et al., 2004). The extract contained
primarily PbTx-2 and -3, but also contained brevenal, a newly identified compound in
K. brevis having pharmacological activity antagonistic to BTX-induced neurotoxicity
and bronchoconstrictor activities (Bourdelais et al., 2003). BTX-induced suppression
of splenic antibody production was confirmed in rats inhaling pure PbTx-3 at
500 pg/m?for 0.5 hour and 2 hours/day for 5 consecutive days (Benson et al., 2004).
Antibody production was suppressed by >70 percentin the low-exposure group (animals
with exposure of 0.5 hours/day) and high BTX exposure groups (exposed for
2 hours/day). Small numbers of splenic and peribronchiolar lymphoid tissue
macrophages stained positive for BTX. No biochemical or histological evidence of
toxicity to the respiratory, nervous, or haematopoietic systems was found in the rats
inhaling pure PbTx-3 for five days.

3.2.3 Long-term toxicity/carcinogenicity

Multiple die-offs of marine mammals have been reported in association with Florida
red tide and BTXs (Geraci, 1989; O’Shea et al., 1991; Bossart et al., 1998). In 1996,
a prolonged Florida red tide of several months in the Gulf of Mexico resulted in the
documented deaths of 149 endangered Florida manatees (Bossart ez al., 1998; Trainer
and Baden, 1999). The BTX exposure of the manatees appears to have been prolonged
inhalation of the red tide toxin aerosol and/or ingestion of contaminated seawater over
several weeks to months. This manatee die-off investigation revealed severe catarrhal
rhinitis, pulmonary haemorrhage and edema, and non-suppurative leptomeningitis,
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as well as possible chronic haemolytic anaemia with multiorgan haemosiderosis and
evidence of neurotoxicity (particularly cerebellar) in the dead manatees. Therefore,
the respiratory tract, liver, kidneys and brains of the manatees were primary BTX
targets, and the BTX exposures and effects were believed to be chronic rather than
acute. PbTx-3 and its metabolites were identified by an immunohistochemical stain
using a polyclonal primary antibody to BTX to be stored in the lung and other organs
in alveolar macrophages and in the brain within lymphocytes and microglial cells.
Immunohistochemical staining with interleukin-1-beta converting enzyme showed
positive staining with a cellular trophism similar to the BTX antibody staining,
suggesting that BTX may initiate apoptosis and/or release inflammatory mediators
that culminate in fatal toxic shock. Additional studies demonstrated that BTX binds to
isolated nerve preparations from manatee brain with a similar affinity as that reported
for terrestrial mammals (Trainer and Baden, 1999).

3.2.4 Genotoxicity
The genotoxic potential of the BTXs has only recently been addressed
(Kimm-Brinson and Ramsdell, 2001; J. Gibson, personal communication). Kimm-
Brinson characterized adverse developmental effects of BTX-1 (PbTx-1) via
microinjection of toxin reconstituted in a triolein oil droplet in Medaka fish (Oryzias
latipes) embryos. Embryos microinjected with doses of 0.1-8.0 ng/egg parts per
million (ppm) of BTX-1 exhibited pronounced muscular activity (hyperkinesis) after
embryonic Day 4. Upon hatching, morphologic abnormalities were commonly found
in embryos at the following lowest adverse effect levels: 1.0-3.0 ppm, lateral curvature
of the spinal column; 3.1-3.4 ppm, herniation of brain meninges through defects in the
skull; and 3.4-4.0 ppm, malpositioned eye. Hatching abnormalities were also commonly
observed at BTX doses of 2.0 ppm and higher with head-first, as opposed to the normal
tail-first, hatching, and doses > 4.1 ng/egg produced embryos that developed but failed
to hatch. Developmental processes found in higher and lower vertebrates are similar
and include membrane trafficking, genetic expression, and transcriptional processes;
the teratogenic effects of BTXs likely occur among different phylogenetic classes.
Direct evidence for genomic effects has been demonstrated by J. Gibson (personal
communication). Lymphocytes from a healthy human volunteer were extracted
using the hypaque-ficoll method of lymphocyte isolation from blood. A single-cell
gel electrophoresis assay, or comet assay, was conducted to determine and compare
DNA damage (if any) following exposure to several agents. Human lymphocytes were
exposed to the either Sigma or UNCW BTX-2, a positive control (hydrogen peroxide),
a negative control (HBSS buffer), brevenal, brevenal and BTX-2 (Sigma and UNCW)
or solvent (80 percent ethanol) for one hour. In addition, human lymphocytes were
allowed to incubate in brevenal for one hour and then exposed to PbTx-2 or another
known DNA damaging chemical (hydrogen peroxide) for a second hour. Similarly,
human lymphocytes were allowed to incubate in PbTx-2 or hydrogen peroxide for one
hour and exposed to brevenal for a second hour. This was done to determine if brevenal
prevented or “repaired” DNA damage caused by PbTx-2 or hydrogen peroxide.
Following the treatment period, the lymphocytes were removed from chemical
exposure, mixed with low-melting point agarose, and spread onto prefrosted slides.
Once the agarose/lymphocyte layer was firmly affixed to the slide, the entire slide
was immersed into a lysis solution containing salts and other detergents for a
minimum of two hours to remove the cell membrane from the lymphocytes. The
slides were then submersed into an alkalinizing solution for one hour to unwind the
lymphocyte DNA. The slides were then put into an alkaline electrophoresis solution
in a gel electrophoresis box where lymphocyte DNA undergoes separation. If DNA
was damaged during the chemical treatment period, there will be many sections of
fragmented DNA in the lymphocyte nucleus. If there was no damage to the DNA,
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there will be no DNA fragments. In the gel box, an electric current was initiated. The
charge on the DNA will force DNA separation. The more fragments of DNA present
in the lymphocyte nucleus, the more the number of small fragments will be attracted to
the negative electrode of the gel box because of the inherent charge on DNA. Following
a 40-minute period in the gel box, the slides were removed. The slides were neutralized
and allowed to dry. Once dry a fluorescent stain (SYBR green, Trevigen, Lot Number:
4250-050-05) was applied to the slide where the lymphocytes were located. The slide
was then viewed under a fluorescence microscope and the comet size, head size and
tail length were measured using an imaging system. The tail moment was calculated
because the tail moment is generally preferred to the other comet parameters (Lee er
al., 2004). PbTx-2 at concentrations as low as 10E-12M were shown to elicit single
stranded and double stranded breaks in DNA, effects that were alleviated by 10E-8M
brevenal. Brevenal had no effect on the ability of hydrogen peroxide to damage DNA.

Although the BTXs are known to exert their acute toxic effects through ion-channel
mediated pathways in neural tissue, prior studies have also demonstrated that at least
one form of the toxin (PbTx-6) is bound avidly by the aryl hydrocarbon receptor
(AhR). Because AhR binding of a prototypical ligand, such as dioxin, is the first step
in a cascade pathway producing major changes in gene expression, the investigators
reasoned that PbTx-6 might produce similar genomic-wide changes in expression.
Mice were injected i.p. with sublethal doses of PbTxs (either 1.5 or 3 pg/g b.w. of
PbTx-6; or 0.15 pg/g b.w. of PbTx-2, a toxin not avidly bound by the AhR), and liver
and brain tissues were sampled at 8, 24 and 72 hours and ribonucleic acid (RNA)
was isolated. Changes in gene-specific RNA levels were assessed using commercially
available mouse cDNA arrays (Incyte) containing > 9 600 array elements, including
many elements from AhR-mediated genes. Histopathology of the two organs was also
assessed. The investigators observed minor histopathologic effects and a total of only
29 significant (> 2.0-fold) changes in gene expression, most of which occurred in the
liver, and most of which could be attributable to an acute phase inflammatory response.
These results argue against the hypothesis that PbTx-6 acts via a classic AhR-mediated
mechanism to evoke gene expression changes. However, given the avidity with which
the AhR binds to PbTx-6, these findings have important implications for how PbTxs
may act in concert with other toxicants that are sensed by the AhR (Walsh ez al., 2003).

3.2.5 Reproductive toxicity

To date, no studies have addressed the placental transfer or developmental toxicity of
BTXs in mammals although studies are now under way. Cell lysates of K. brevis caused
mortality and developmental abnormalities in over 50 percent of sea urchin embryos
(Moon and Morrill, 1976). K. brevis exposure has proved lethal to finfish larvae but
not eggs (Riley er al., 1989). Recently, Colman and Ramsdell (2003) and Kimm-Brinson
and Ramsdell (2001; see discussion above under Genotoxicity) exposed Medaka fish
embryos to PbTx-1 by microinjection. Doses of from 0.1 to 8 ng/egg (ppm) BTX caused
pronounced muscular activity in the eggs after embryonic Day 4. Upon hatching,
morphologic abnormalities were commonly found. At oocyte doses less than 5 ppm,
lateral curvature of the spinal column, herniation of brain meninges through defects
in the skull and malpositioning of the eye were seen. These experimental conditions
may be relevant to exposures encountered by marine life in red tide affected waters,
but may be somewhat extreme compared with the human situation, where inhalation
exposures may result in less than a microgram of BTX being deposited in a given day
(ppb or ppt final concentrations in body tissues). However, the observed embryo
toxicity and malformations raise the issue of the possible effects of repeated BTX
exposure on foetuses of pregnant women eating contaminated shellfish and/or living
along red-tide affected beaches and waterways. Results may also be of significance to
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marine mammals and humans living in red tide affected waters (J. Benson, personal
communication).

3.2.6 Special studies

Effects in isolated cells in vitro

The molecular target of BTXs is the voltage-gated sodium channel, a fundamental
transmembrane protein involved in cellular excitability. The common binding site (the
receptor-site 5) is located on the alpha subunit of this neuronal transmembrane protein.
Electrophysiological studies of the mode of action of BTXs identify these toxins as
specific sodium channel activators. Indeed, during the action of the BTXs, sodium
channels remain permanently opened, at the resting membrane potential, which
produces a continuous entry of sodium ions in most excitable cells. Such a sodium
entry has various consequences on sodium-dependent physiological mechanisms,
consisting in a membrane depolarization, which, in turn, causes spontaneous
and/or repetitive action potential discharges and thereby increases membrane
excitability. These neuronal discharges may be transient or continuous according to
the preparation and the toxin tested. The increase in membrane excitability during
the action of BTXs is responsible for the different effects exerted by these toxins on
various chemical synapses and secretory cells. The BTXs also cause a marked increase
in the volume of nodes of Ranvier of myelinated nerve fibres, motor nerve terminals
innervating skeletal muscle and perisynaptic non-myelinating Schwann cell somata.
This increase could be reversed by hyperosmotic external solutions and completely
prevented by the blockade of voltage-gated sodium channels (Mattei et al., 1999).

The effects of PbTx-3 on various parameters of hepatic metabolism were evaluated
in mouse liver slices. PbTx-3 inhibited oxygen consumption and increased Na* content
and presumably intracellular Na* concentration of liver slices. PbTx-3 also activated
a pathway that mediated K* efflux. No effect of PbTx-3 on the Na*-K* pump activity
was observed. The effect of PbTx-3 on liver slices Na* content was abolished by the
sodium channel blocker tetrodotoxin; tetrodotoxin also antagonized the inhibition of
oxygen consumption but the effect of PbTx-3 on K* movements was not affected by
tetrodotoxin, suggesting that two distinct ion channels or pathways were activated by
PbTx-3. The results of this study suggest that PbTx-3 can induce effects in the liver
that appear to be similar to those observed in nerve and muscle membranes (Rodriguez,
Escobales and Maldonado, 1994; Rodriguez-Rodriguez and Maldonado, 1996; Trainer
and Baden, 1999; cited from van Apeldoorn, van Egmond and Speijers, 2001;
FAO, 2004).

The effects of PbTx-3 on hepatic cell structure were studied also in mouse
liver slices. Light microscopy revealed hypertrophy and increased vacuolation of
hepatocytes, and an increase in basophilia in the perivenous area of the lobules.
Ultrastructurally, the vacuolation was related to swelling of the rough endoplasmic
reticulum with water and/or protein retention without accumulation of fat droplets.
Accumulation of proteins and/or degranulated ribosomes accounts for the increased
basophilic reaction of the cells, especially in the perivenous area, an area where lipids
are normally processed. Swelling in smooth endoplasmic reticulum, degranulation of
rough endoplasmic reticulum, the deformities and lytic cristae in the mitochondria, and
the presence of active lysosomes are evidence of the effects of PbTx-3 upon liver cells
(cited from van Apeldoorn, van Egmond and Speijers, 2001; FAO, 2004).

Positive inotropic and arrhythmogenic effects on isolated rat and guinea pig
cardiac preparations were seen at concentrations between 1.25 x 10®%and 1.87 x 107 M
PbTx-2. The studies suggested that PbTx-2 is a potent cardiotoxin, exerting its effects
by increasing sarcolemmal sodium permeability, and by releasing catecholamines
from sympathetic nerve endings (Rogers er al., 1984; cited from van Apeldoorn, van
Egmond and Speijers, 2001; FAO, 2004).
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Crude preparations of BTX produce airway contraction; however it was unknown if
this mechanical response was coupled to changes in airway smooth muscle membrane
potential, either to direct action on the airway smooth muscle cell membrane or
indirectly via the release of endogenous acetylcholine at peripheral nerve terminals.
Therefore, membrane potentials and contractility of i vitro canine trachealis smooth
muscle preparations were measured before and during exposure to either the crude
toxin (0.01-1.2 g/ml), or the purified fractions PbTx-2 and PbTx-3 (0.01-0.07 pg/ml).
Membrane potentials in cultured airway smooth muscle cells were similarly studied
(Asai et al., 1982).

The crude fraction of BTXs produced concentration-dependent depolarizations
in airway smooth muscle preparations in vitro, as did the purified fractions PbTx-2
and PbTx-3; however, with an approximately tenfold higher potency than the crude
BTXs. In all cases, depolarizations stabilized within four minutes. There was no
significant difference in concentration-response relationship between PbTx-2 and
PbTx-3. The effects of crude and purified toxins were fully reversed within 30 minutes
of their washout from tissue bath. The results of this study suggested that BTXs did
not produce direct depolarizing effects on airway smooth muscle cells, as BTXs were
without any significant effect in iz vitro preparations treated with tetrodotoxin, or in
cultured cell preparations. BTX-induced bronchoconstriction is probably because of
the depolarizing effect of endogenous acetylcholine, which is released from peripheral
nerve terminals, on the airway smooth muscle cell (Asai er al., 1982; Kirkpatrick et al.,
2004; cited from van Apeldoorn, van Egmond and Speijers, 2001; FAO, 2004).

PbTx-3 was shown to be bound to isolated nerve preparations from manatee brain
with similar affinity as that reported for a number of terrestrial animals. 77 vitro studies
with *H-PbTx-3 showed binding to manatee brain synaptosomes with high affinity
and specificity. The binding was saturable, there was competition of specific binding,
and temperature dependence (decreased toxic-receptor affinity and lower measured
percentages of specific binding as temperature increases from 0 to 37 °C); (cited from
van Apeldoorn, van Egmond and Speijers, 2001; FAO, 2004; Bossart et al., 1998).

3.3 Observations in domestic animals/veterinary toxicology

Red tides in Florida and elsewhere have always been associated with mass mortality
in marine animals (fish, marine mammals and marine birds). These phenomena were
recorded at least 24 times from 1844 to 1971, and the fact that they occurred before
the development of agriculture, towns, industries and tourism indicate their natural
rather than anthropogenic origin (Viviani, 1992). In addition to massive fish kills in the
Gulf of Mexico and Asia, BTXs produced by a variety of dinoflagellates are believed
to represent a serious threat to finfish aquaculture (Songhui and Hodgkiss, 2001;
Sierra-Beltran et al., 1998).

BTX-associated mortality was postulated in bottlenose dolphins (Tursiops truncatus)
in southwest Florida in 1946—47 (Bossart et al., 1998). This phenomenon was because
of a bloom of K. brevis, which was identified in 1947 as the etiological agent and
was considered the sole agent responsible for all the outbreaks described since 1844.
BTX-associated mortality was postulated in bottlenose dolphins (Tursiops truncatus)
along the mid-Atlantic coast of the United States in 1987-88 (Bossart et al., 1998)
as well as more recently in the Florida Panhandle region in 2004 (J. Naar, personal
communication).

Similar toxin-associated manatee mortality was speculated in southwest Florida in
1963 and 1982 (Bossart ez al., 1998). In April 1996, at least 149 manatees (Trichechus
manatus latirostris) died in an unprecedented epizootic along approximately 80 miles
of the southwest coast of Florida (Charlotte Harbor area). At about the same
time, a significant red tide dinoflagellate bloom, largely composed of K. brevis,
producing BTX, was present in the same geographic area as the manatee epizootic.
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Cell counts of K. brevis were approximately 23.3 x 10¢cells/L. Autopsy results showed
neurointoxication facilitated by oral and inhalation exposure. There are three potential
routes of intoxication: 1) toxic aerosol inhalation, 2) toxic food ingestion, and/or 3)
toxic seawater intake. In Florida, the poisoning of manatees by BTXs contained in
epiphytes attached to sea grass was reported (Hallegraeff, Anderson and Cembella,
1995).

Mortality among the double-crested cormorant (Phalacrocorax auritus)
was observed along the Florida gulf coast (Kreuder, Bossart and Ell, 1998;
Kreuder et al., 2002; Kirkpartrick et al., 2004).

3.4 Observations in humans

The two known forms of red tide toxins-associated clinical entities in humans first
characterized in Florida are an acute gastroenteritis with neurologic symptoms after
ingestion of contaminated shellfish (i.e. NSP) and an apparently reversible upper
respiratory syndrome after the inhalation of the aerosols of the dinoflagellate and
their toxins (i.e. aerosolized red tide toxins respiratory irritation) (Asai er al., 1982;
Baden, Fleming and Bean, 1995; Fleming and Stinn, 1999; Fleming et al., 1999;
Fleming and Baden, 1998; Fleming and Easom, 1998; Morris et al., 1991; Music,
Howell and Brumback, 1973; Fleming et al., 2001; Fleming, Backer and Rowan, 2002;
Baden er al., 1982; Poli et al., 2000; Kirkpatrick et al., 2004; Backer et al., 2003).

3.4.1 Oral exposure

Neurotoxic shellfish poisoning has been reported from the southeast coast of the
United States, the Gulf of Mexico and New Zealand (Ishida et al., 1996). Neurotoxic
shellfish poisoning has been identified outside the typical geographic area where
K. brevis is found. An unusual movement of ocean currents carried a red tide from
the Gulf of Mexico to the coast of North Carolina in 1987 (Morris et al., 1991).
People there were unaware of the risks associated with eating shellfish during a red
tide, and an outbreak of NSP occurred that was associated with eating contaminated
shellfish (Backer et al., 2004). However, in general, few cases of NSP occur in the
United States of America because of comprehensive monitoring programmes that
periodically sample shellfish and the waters where shellfish are harvested. In the
endemic areas, if shellfish or seawater samples are contaminated with BTXs, harvesting
is closed until the shellfish have naturally depurated the toxin and are again safe to eat
(Backer et al., 2004).

Neurotoxic shellfish poisoning can be compared clinically with a milder form of
PSP or ciguatera fish poisoning. In reported human cases of NSP, but based on very
little data, the BTX concentrations present in contaminated clams have been reported
to be 30-118 MU/100 g (i.e. 120-472 pg/mg) (ILO-UNEP-WHO, 1984). Poli et al.
(2000) reported on the measurement of BTX in urine from three persons who suffered
from severe NSP after eating contaminated shellfish from Florida; the urine BTX levels
ranged from 42 to 117 ng/ml by radioimmunoassay (RIA) analysis on admission to the
emergency department. As a comparison, in PSP, fatal paralysis can occur with as little
as 1 mg of STX, while picogram levels of ciguatoxin in ciguatera fish poisoning have
been reported to make adult humans severely ill. The shellfish reported to be associated
with NSP when contaminated with BTX include oysters, clams, coquinas and other
filter feeders (Keynes, 1979; Baden, Fleming and Bean, 1995; ILO-UNEP-WHO,
1984; Hughes and Merson, 1976; Poli et al., 2000; Cembella et al., 1995; Fleming,
Bean and Baden, 1995; Fleming et al., 2001; Fleming, Backer and Rowan, 2002;
Tibbets, 1998; Kirkpatrick et al., 2004).

Neurotoxic shellfish poisoning typically causes GI symptoms of nausea, diarrhoea,
and abdominal pain, as well as the neurologic symptoms primarily consisting of
paresthesiae similar to those seen with ciguatera fish poisoning (including reports of
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circumoral paresthesia and hot/cold temperature reversal), beginning within minutes
to hours after ingestion. Cerebellar symptoms such as vertigo and incoordination also
reportedly occur. In severe cases, bradycardia, headache, dilated pupils, convulsions
and the subsequent need for respiratory support have been reported. Death from NSP
(rather than from PSP or ciguatera) has never been reported. Anecdotally, symptoms
resolve within a few days after exposure; however, no studies have been reported
evaluating possible chronic health effects after acute NSP (Morse, 1977; Sakamoto,
Lockey and Krzanowski, 1987; Baden, Fleming and Bean, 1995; Fleming, Bean and
Baden, 1995; Fleming et al., 2001; Fleming, Backer and Rowan, 2002; Morris et
al., 1991; McFarren et al., 1965; Viviani, 1992; Hughes and Merson, 1976; Noble,
1990; Martin et al., 1996; Music, Howell and Brumback, 1973; Hopkins, Heber and
Hammond, 1997; ILO-UNEP-WHO, 1984; Rheinstein, 1993; Dembert, Strosahl and
Bumgarner, 1981; Kirkpatrick er al., 2004).

Morris et al. (1991) reported on an outbreak of NSP secondary to a red tide of
K. brevis in October 1987 along the North Carolina coast. Ultimately, over 48 persons
were diagnosed with NSP following consumption of cooked and raw oysters at
20 different meals. Acutely, 23 percent of the cases reported GI, and 39 percent reported
neurologic symptoms. These symptoms were described as having a rapid onset (median
incubation of 3 hours), mild, and of short duration (maximum malaise and vertigo up
to 72 hours with median duration of 17 hours). Ultimately, 94 percent had multiple
symptoms, and 71 percent had more than one neurologic symptom. Although no
deaths or respiratory distress occurred, one woman was admitted to the intensive
care unit because of severe neurologic symptoms. The illness attack rate increased
significantly in association with the number of oysters eaten. Of note, 56 percent of
the cases occurred before the first closure of affected shellfish waters to harvesting in
early November; North Carolina had no red tide monitoring programme at that time.

On 16 June 1996, three patients were diagnosed with NSP by Sarasota County Health
Department, the Bureau of Environmental Epidemiology, the Florida Department of
Environmental Protection, and the United States Food and Drug Administration. All
had eaten clams (Chione cancellata) and whelks (unidentified species) harvested from
an area that had been closed to shellfish harvesting from 31 January 1996 to 8 June 1996
because of red tide of K. brevis, and then closed again on 11 June. The clams had been
cooked until they opened; cooking time for the whelks was unknown (Hopkins, Heber
and Hammond, 1997).

3.4.2 Dermal exposure

Because of the relative fragility of the K. brevis organism (K. brevis is a “naked”
organism having no outer shell of polysaccharide plates as other dinoflagellates), it is
easily broken open in the rough surf releasing the toxins. During swimming, direct
contact with the toxic blooms may take place and skin irritation may occur; however,
dermatologically confirmed rashes have not been reported (Cembella er al., 1995;
Tibbets, 1998; Kirkpatrick et al., 2004). However, anecdotal accounts from numerous
Florida red tide investigators indicate that exposure of mucus membranes to any
measurable amount of BTX, salt spray from red tides, or BTX culture water results in
severe discomfort; duration being 1-2 hours.

3.4.3 Inbalation of aerosolized BTX

Few reports have been published about human exposure and health effects associated
with exposure to aerosolized red tide toxins in humans. The exposure usually occurs
on or near beaches with an active red tide bloom. Onshore winds and breaking surf
result in the release of the toxins into the water and into the onshore aerosols (Pierce,
1986; Pierce et al., 1989, 1990; Pierce and Kirkpatrick, 2001; Sakamoto, Lockey and
Krzanowski, 1987; Music, Howell and Brumback, 1973; Backer et al., 2003, 2005;
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Horstman et al., 1991; ILO-UNEP-WHO, 1984). After initial reports in Florida and
Texas, Woodcock (1948) reported respiratory irritation during a severe red tide on the
west coast of Florida in 1947. Pierce et al. (1990, 1989) simulated the red tide toxin
aerosol in the laboratory by bubbling air through seawater cultures of lysed K. brevis
cells; they recorded toxin enrichment in the aerosol of 5-50 times the concentration
of original concentrations in the seawater. Collection of marine aerosols along the
Gulf coast of Florida and the North Carolina Atlantic coast during natural red tide
blooms showed that the aerosolized toxins were the same as those in the water and as
those resulting from the K. brevis culture experiments (Pierce et al., 1989, 1990).

Inhalation of aerosolized red tide toxins reportedly results in conjunctival
irritation, copious catarrhal exudates, rhinorrhea, non-productive cough and
bronchoconstriction (Music, Howell and Brumback, 1973; Asai et al., 1982, 1984;
Franz and LeClaire, 1989; Eastaugh and Shepard, 1989; Pierce, 1986; Temple, 1995;
Sakamoto, Lockey and Krzanowski, 1987; Baden ez al., 1982; Davis, 1994; Ahles, 1974;
Hughes and Merson, 1976; Tommasi, 1983; Hopkins, Heber and Hammond, 1997;
ILO-UNEP-WHO, 1984; Dembert, Strosahl and Bumgarner, 1981; Cummins, Jones
and Stevens, 1971). Some people also report other symptoms such as dizziness, tunnel
vision and skin rashes. In the normal population, the irritation and bronchoconstriction
are usually rapidly reversed by leaving the beach area or entering an air-conditioned
area (Steidinger and Baden, 1984; Baden, 1983).

However, people with asthma are apparently particularly susceptible; Asai et al.
(1982) found that 80 percent of 15 asthmatic patients exposed to red tide aerosol
at the beach complained of asthma attacks. The possibility of the susceptibility of
asthmatics to the BTXs is corroborated by recent investigations with an asthmatic
sheep model evaluating the exposure of aerosolized red tide toxins discussed above
(Singer et al., 1998; Abraham er al., 2003; L. Fleming, personal communication).
Furthermore, there are anecdotal reports of prolonged pulmonary symptoms even
after exposure has ceased, especially in susceptible populations such as the elderly or
people with chronic lung disease. Exposure to aerosolized red tide toxins can cause
respiratory irritation, even in non-asthmatics and without obvious fish kills or high
dinoflagellate cell counts in the seawater within a few feet of the seashore (Kirkpatrick
et al., 2004; Backer er al., 2003, 2005). This may be because of the concentration of the
BTXs in the aerosol of sea spray generated by waves hitting the shore during a red tide
(Pierce et al., 1990, 1989; Music, Howell and Brumback, 1973; Cummins, Jones and
Stevens, 1971). How far inshore this red tide toxins aerosol will travel, especially given
strong offshore winds during a red tide bloom, is not known.

4. ANALYTICAL METHODS

4.1 Introduction

In the United States of America, the present system of testing and control appears to
provide adequate protection from NSP to the consumer. In New Zealand, the United
States methods for NSP testing and control, although informally adopted, have been
questioned because of the different bivalve species and attendant toxin-metabolite
profiles involved. Further, the co-occurrence interfering contaminants and algae
species responsible for entirely different poisoning syndromes in humans (i.e. ASP,
DSP, PSP) in New Zealand are known to obscure NSP test results. Notwithstanding
the present status of the United States testing and control system for NSP and its
validity under circumstances encountered by New Zealand, the continued use of live
animal bioassays compromises ethical and scientific principles, and there is both public
and scientific community consensus for discontinuation of this procedure. Recent
studies suggest that i vitro and instrumental alternatives to live animal testing will
serve well as quantitative measures of risk and provide levels of protection equivalent
or superior to that afforded by the conventional MBA.
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4.2 Shellfish extraction and test-sample clean-up

Neurotoxic shellfish poisoning (NSP) test samples intended for American Public
Health Association (APHA) MBA are salted, acidified, boiled and then extracted in
diethyl ether (see below). This procedure has been shown to exclude a significant
portion of the toxic PbTx metabolites identified from contaminated shellfish by
various groups. In consideration of the fact that the ether extraction and MBA
procedure has been effective for many years in the United States of America, albeit
less so in New Zealand, some proponents for replacing MBA with alternate method(s)
suggest that the diethyl ether, or equivalent, extraction procedure be retained. Other
parties to the debate suggest that thorough extraction of PbTx-related constituents
followed by a clean-up step (e.g. solid phase extraction [SPE]) is most appropriate for
an effective update of the NSP method and guidance level. The debate on selection of
shellfish extraction and clean-up procedures is currently taking place under the auspice
of the Association of Official Analytical Chemists (AOAC) International Task force
on Marine and Freshwater Biotoxins, NSP subgroup.

4.3 NSP methods

4.3.1 Mouse bioassay (MBA)

NSP MBA: The APHA MBA protocol is the only officially recognized NSP method
for assuring the safety of molluscan bivalves in the United States of America. It was also
adopted for regulatory use in the management of NSP in New Zealand in 1993. The
protocol for NSP MBA is specified in Recommended Procedures for the Examination
of Sea Water and Shellfish, 4th ed. (The American Public Health Association, Inc.,
Washington, DC), pp. 61-66. The regulatory application of information derived from
MBA is based upon studies conducted in the 1960s that compared the incidence of
human illness with the incidence of death in mice following i.p. injection of crude
residues extracted from shellfish in diethyl ether (McFarren et al., 1965). BTX
structures and modes of action were not known in 1970 and the toxicity of the crude
residues was expressed in terms of mouse units (MUs). One MU was defined as
that amount of crude toxic residue that, on average, will kill 50 percent of the test
animals (20 g mice) in 930 minutes. Any detectable level of toxin in shellfish tissue was
considered potentially unsafe for human consumption. In practice, however, a residue
toxicity > 20 MUs per 100 g shellfish tissue was adopted, and remains, the guidance
level for prohibition of shellfish harvesting in the United States of America.

After the detection of NSP in New Zealand in 1993, a management strategy to
monitor NSP toxins was developed by the regulatory authority. The sample preparation
method used was based on acetone extraction of shellfish, followed by partitioning of
lipophilic constituents into dichloromethane from aqueous suspension. This procedure
required less time and was more efficient for extracting toxic constituents from
shellfish than diethyl ether. However, the discovery of a novel bioactive compound
(gymnodimine) produced by the dinoflagellate Gymnodinium mikimotoi, a commonly
encountered species in New Zealand waters during their 1992-93 NSP event,
compelled authorities to return to the diethyl ether extraction procedure of the APHA.
Gymnodimine is not extractable by diethyl ether, but caused rapid mouse death when
the acetone extraction procedure was used. Because gymnodimine is not considered a
risk to human health, the monitoring programme now employs diethyl ether extraction
as a means of discriminating gymnodimine activity from NSP toxicity (as cited in
Fernandez and Cembella, 1995). As indicated above for the United States of America,
any detectable level of BTXs in shellfish tissue was considered potentially unsafe for
human consumption, but in practice, residue toxicity > 20 MU per 100 g shellfish tissue
was adopted as the guidance level for prohibition shellfish harvesting in New Zealand.

Several studies comparing the APHA diethyl ether extraction with alternate solvents
determined that the polar PbTx metabolites (amino acid conjugates) are not recovered
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under these conditions. Nozawa, Tsuji and Ishida (2003) demonstrated using LC-MS
of toxic cockle that diethyl ether is efficient for recovery of PbTx-3 but far less efficient
than methanol or acetone for extracting BTX-B1 (i.e. PbTx-2 taurine conjugate).
Dickey er al. (1999) found methanol and acetone extracts of toxic Eastern oysters
2.5- and 4-fold more toxic, respectively, than ether extracts, while recovery of
PbTx-3 from spiked shellfish homogenate by all three solvents was comparable
(90-108 percent). Naar er al. (2002) observed total recovery of a PbTx-2, -3, -9
mixture spiked into shellfish homogenate using acetone extraction, but only 25 percent
recovery in diethyl ether. These studies support the contention that the APHA MBA,
as performed, underestimates total toxin burden in PbTx-exposed shellfish. Further,
with the evident expansion of NSP to geographic regions beyond the North America
Gulf of Mexico, the APHA MBA has been questioned as a suitable regulatory
method and reference point for scientific studies on NSP in other shellfish species
(e.g. New Zealand Perna canaliculus, and Austrovenus stutchburyi).

The APHA MBA protocol has been protective in the United States of America as
applied to NSP shellfish for more than 30 years; however, the continued use of live
animal bioassays compromises both scientific and ethical principles, and there is both
public and scientific community consensus for discontinuation of this procedure.
Replacement by alternative methods (e.g. RBA and ELISA) will necessitate at least
some comparison and derivation of a numerical value equivalent to MBA guidance
level. Similarly, replacement by instrumental method will require establishment of
a guidance level for an appropriate analytical marker compound(s), and availability
of a suitable standard(s). This effort will be challenged somewhat by bivalve species
differences in PbTx metabolite profiles, metabolite toxic potencies and rates of
elimination, as illustrated above.

4.3.2 In vitro assays

Neuroblastoma cell assay: The toxins responsible for NSP exert their toxic effects by
binding to voltage-gated sodium channels, inducing a decline in activation potential
and inhibiting channel inactivation (Baden, 1989). This highly specific interaction
with sodium channels in excitable cell membranes is the basis of the neuroblastoma
cell assay. Any modification to the toxin molecule that interferes with its binding to
the sodium channel and thus the shift in activation potential, would presumably also
compromise its ability to elicit a toxic response in vivo. Detection is therefore based on
functional activity rather than on recognition of a structural component, as is the case
for an antibody-based assay or instrumental method. Moreover, the affinity of a toxin
for its receptor is reported to be directly proportional to its toxic potency. Thus, for
a mixture of toxins, a receptor-based assay will yield a response representative of the
integrated potencies of those toxins present (reviewed in Cembella et al., 1995). The
neuroblastoma cell assay can be used for detection of BTXs in contaminated shellfish
tissue, but this assay cannot distinguish between individual BTXs and other sodium
channel potentiating toxins (as cited in Hua et al., 1995).

A tssue culture technique using an established mouse neuroblastoma cell line
(Neuro-2a: ATCC CCL 131) was developed for assay of sodium channel activating toxins
(Manger et al., 1993, 1995). The assay measures PbTx-mediated ouabain-veratridine
(O/V) dependent cell death using an end-point determination of mitochondrial
dehydrogenase activity. The method incorporates a colorimetric detection element
based upon the ability of metabolically active cells to reduce a tetrazolium compound,
MTT (=3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium) to a blue formazan
product. Assay responses to PbTx standards and test samples are determined by
measuring the intensity of formazan colour development in viable +O/V cells following
exposure to standards or test sample. Absorbance in treated wells is expressed as a
percentage of formazan colour development measured in untreated +O/V control
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wells (no sample or standard treatment). The responses of -O/V cells to standards and
test samples are evaluated to ascertain the sodium channel specificity of cell response.
Standard PbTx-3, PbTx-3 spiked extracts and toxic test samples have no effect on the
viability of cells in the absence of ouabain and veratridine. This is consistent with the
sodium channel specificity of the assay. Quantitative estimation of PbTx-3 equivalent
response in toxic test samples is made by substitution of PbTx-3 standard dose
causing 50 percent reduction in cell viability (standard IDs,) for the mean test sample
dose causing 50 percent reduction in cell viability (test sample IDs,). The toxicity of
test samples is quantified as PbTx-3 equivalent activity in units of pg/g tissue (ppm).
Manger et al. (1995) reported a detection limit for PbTx-1 and -3 of 2.0 ng/ml. PbTx
can be detected within 4-6 hours, but the detection limit can be improved with an
incubation time of 22 hours. The linearity of assay response was tested by Dickey ez al.
(1999) using dilutions of PbTx-3 standard (range = 0.68-87.0 ng/ml). Assay responses
were linear between 25 and 75 percent viable, which correspond to a PbTx-3 dosing
range of 2.5-11.5 ng/ml (r = 0.9905, slope = 1.1).

A 13-laboratory comparative study (Dickey er al., 2004) tested the performance
of the neuroblastoma cell assay as an alternative to MBA for the determination of
NSP toxins in the Eastern oyster. Other methods tested in this study included RBA,
competitive ELISA and LC-MS. Three to five laboratories independently performed
each method using centrally prepared test samples from non-toxic shellfish, PbTx-3
fortified shellfish at four levels: 0, 40, 80 and 160 pg/100 g and naturally incurred
oyster samples at 29, 58 and 116 pg/100 g (7, 14 and 28 MU, respectively). The N2a
cell assay showed the greatest inter-laboratory variability of the methods tested. The
data rendered was unsuitable for statistical analysis. While this method has proved
extremely valuable for detecting and tracking toxicity in seafood extracts in the research
laboratory, and performs well within-laboratory in outbreak investigations, there
appear to be technical aspects of the method that significantly influence reproducibility
(i.e. between-laboratory). Further investigation will be needed to identify the source
of this variation.

Similar cell assay methods have been devised to measure cell viability following
toxin challenge, through various end-points and using colorimetric, fluorescent
and luminescent detection elements. Yasumoto et al., 1995, used XTT (a soluble
formazan reagent) for colorimetric determination of PbTx toxicity via mitochondrial
dehydrogenase activity in a manner similar to Manger er al. (1993). Louzao et al.
(2004) utilized human neuroblastoma cell line BE(2)-M17 in the development of a
fluorometric assay in which veratridine dependent sodium uptake is measured using
the reagent Bis-oxonol. Quantitation of PbTx induced membrane depolarization
was reported to be in the nanomolar range. Fairey, Edmunds and Ramsdell (1997)
modified the cell assay of Manger er al. (1995) by expressing a stable c-fos-luciferase
reporter gene in the N2a cells. The reporter gene assay utilizes luciferase-catalyzed
light generation as detection element and a microplate luminometer for quantification.
PbTx-1 caused a concentration-dependent and saturable increase in luciferase activity.
Although additional characterization of these assays is still required to evaluate
responses to PbTx metabolites, co-occurring contaminants and different shellfish
matrices, the assays as reported met or exceeded the sensitivity of existing bioassays for
sodium channel active algal toxins.

Trainer, Baden and Catterall (1995) reconstituted functional sodium channels into
phospholipid vesicles. The reconstituted channel can be used for sodium channel
binding competition in a manner similar to the RBA described below. Specific
binding of PbTx-3 to purified rat brain sodium channels that were reconstituted into
phospholipid vesicles, was demonstrated. This demonstration of specific binding of
sodium channel toxins suggests that highly specific functional assays for the presence
of these and other toxins in biological tissue may be engineered in the future.
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Receptor binding assay (RBA): The toxins responsible for NSP exert their toxic
effects by binding to voltage-gated sodium channels, and more specifically bind to
site 5 of the sodium channel (Poli, Mende and Baden, 1986). On the assumption
that differences in the chemical structure of congeners and molluscan metabolites
of PbTx are reflected in their respective affinities for site 5, and that binding affinity
is proportionate to toxicity . vivo, the receptor binding competition assay can be
used to measure the composite toxic potency of PbTx in a sample, independent of
which toxin congeners are present (Van Dolah et al., 1994). In the RBA, an extract
of homogenized shellfish tissue is incubated, in the presence of [3H] PbTx-3, with
rat brain synaptosomes containing sodium channels. PbTx-related toxins present in
the sample compete with [3H] PbTx-3 for binding to the sodium channel. Incubation
is carried out in a microplate format to minimize sample handling and to maximize
sample throughput. The amount of BTX present (in PbTx-3 equivalents) in the sample
is quantified by determining the amount of [3H] PbTx-3 bound to the receptor, relative
to the amount that binds in the absence of competing toxin. Quantitation is based on
a competition curve in which increasing concentrations of purified PbTx-3 standard
compete for binding to the sodium channel in rat brain synaptosomes in the presence
of [3H] PbTx-3. Measurements can be carried out either in a microplate scintillation
counter or a traditional scintillation counter.

In a 1998 peer verification study conducted by Van Dolah er al. (personal
communication), performance characteristics of the RBA method were assessed using
extracts of the United States Eastern Oyster (Crassostrea virginica). The detection
limit of the receptor assay was 1.6 + 0.4 nM PbTx-3, and the limit of determination
in oysters was 3 pg PbTx-3 equivalents per 100 g oyster homogenate. In this study,
each participating laboratory analysed oyster samples fortified with PbTx-3 at four
levels: 0, 40, 80 and 120 pg/100 g and naturally incurred oyster samples at 40, 80 and
200 pg/100 g. Mean recovery of analytes from fortified samples was 103 percent.
Repeatability and reproducibility (RSD, and RSDy, respectively) were 26.9 and
37.3 percent, respectively. Comparison of quantitation using the traditional versus
microplate (i.e. 96 well) scintillation-counting methods yielded a correlation of 0.896.
Quantitative comparisons between the RBA and MBA also showed linear correlation.

A 13-laboratory comparative study (Dickey ez al., 2004) tested the performance of
two variations of the RBA as alternatives to MBA for the determination of NSP toxins
in the Eastern oyster. The variations were the traditional test-tube format (Poli et al.,
1986) and the microplate format as compared by Van Dolah above. Other methods
tested in this study included N2a neuroblastoma cell assay, competitive ELISA, and
LC-MS. Three to five laboratories independently performed each method using
centrally prepared test samples from non-toxic shellfish, PbTx-3 fortified shellfish
at four levels: 0, 40, 80 and 160 pg/100 g and naturally incurred oyster samples at 29,
58 and 116 pg/100 g. Receptor binding homogeneity of variances for PbTx-3 fortified
test samples passed Cochran’s test at the 2.5 percent level of significance, and no
statistical outlying laboratories were detected. For naturally incurred test samples, one
outlying laboratory was identified for binding assay methods.

Recoveries of PbTx-3 from fortified test samples averaged 97 percent (test-tube
format) and 136 percent (microplate format) (Table 2). The lower limit of detection was
not tested for any of the methods, but in practice all methods easily measured fortified
test samples one order of magnitude below the regulatory guidance level (2 MU/g or
0.8 ppm). After excluding data from outlying laboratories, within-laboratory variation
(RSD,) for all test samples averaged 27 percent (test-tube format) and 16 percent
(microplate format). Between laboratory variation (RSDy) for all test samples averaged
39 percent (test-tube format) and 23 percent (microplate format). HORRAT values
averaged 2.40 (test-tube format), 1.40 (microplate format). This study of methods
performance showed statistically acceptable correlation of MBA with the RBA



Assessment of the risk of biotoxins in bivalve molluscs: brevetoxins

75

(microplate format) for the determination of NSP toxins in shellfish and concluded
that this method was a suitable replacement for MBA. The microplate assay can be
completed within three hours, and can analyse dozens of samples simultaneously. The
assay is demonstrated to be useful for assessing algal toxicity, for purification of BTXs
and for the detection of BTXs in seafood.

TABLE 2

RBA (96-well format) performance estimates
Parameter Sample C  Sample A SampleE  Sample B Sample F Sample D
N 9 9 9 6 6 6
Assay mean (ppm) 0.54 1.08 2.21 0.27 0.78 1.00
Spike level (ppm) 0.4 0.8 1.6 - - -
Incurred toxin (ppm) - - - 0.29 0.58 1.16
Percent recovery 135 135 138 - - -
Percent of incurred value - - - 92 134 86
Repeatability SD (S,) 0.17 0.17 0.35 0.044 0.038 0.13
Repeatability RSD, 0.31 0.16 0.16 0.17 0.049 0.13
Repeatability value, r (2.8 x S,) 0.47 0.48 0.98 0.12 0.1 0.38
Reproducibility SD (Sg) 0.17 0.17 0.79 0.065 0.13 0.13
Reproducibility RSDg 0.31 0.16 0.36 0.24 0.17 0.13
Reproducibility value, R (2.8 x Sg) 0.47 0.48 2.2 0.18 0.36 0.38
HORRAT 1.78 1.00 2.51 1.25 1.00 0.84
(RSDg%/PRSDg%)

PRSD% = 2C%15% where C = (estimated mean in ppm x 10)

Statistical analysis: Data were analysed using the 1-way analysis of variance (ANOVA) for each test sample. In each
analysis, the Cochran’s test for homogeneity of variances was applied at the 2.5 percent level of significance. The
repeatability and reproducibility values (r and R) indicate that the absolute difference of two test results from a
single laboratory or from two laboratories (i.e., one result from each laboratory) is expected to be below r or R in

95 percent of the cases. Horwitz ratio (HORRAT) values less than 2 indicate that the method is acceptable according
to the relative reproducibility standard deviation of historical data for AOAC International validated methods. It
should be noted, however, that the number of laboratories performing each of the alternative methods in this study
(3-5) is too small for AOAC International full collaborative validation status, but does meet the reduced format
criteria for peer verification of methods.

Source: Plakas et al., 2008.

Enzyme-linked immunosorbent assay (ELISA): At a time when only the structures
of PbTx-2 and PbTx-3 were known, a competitive RIA to detect PbTx-2 and PbTx-3
with a detectability of 2 nM was developed. Detectability was improved later to
approximately 1 nM (as cited in Trainer and Baden, 1991). Utilizing bovine serum
albumine (BSA)-linked PbTx-3 as complete antigen, an antiserum was produced
in goats. The RIA technique for PbTx is based on the competitive displacement of
3H-PbTx-3 from complexation with the antibody. Both PbTx-2 and PbTx-3 were
detected in approximately equivalent manners. However, oxidized PbTx-2, which was
not toxic in either the fish or MBA, also displaced PbTx-3 in RIA, an indication that
potency was not reflected in competitive displacement assays using this antibody (as
cited in Trainer and Baden, 1991).

Work has also advanced in the preparation of a reliable monoclonal antibody,
ELISA. Trainer and Baden (1991) developed an ELISA method utilizing BTX coupled
to either horseradish peroxidase or to urease with a goat antibody to purified BTX.
A potential ELISA system for BTX detection from extracts of dinoflagellates or fish
has been established with a limit of detection of 0.04 pM. The toxin can be linearly
quantified from 0.04 to at least 0.4 pM BTX per well. In initial trials, BSA-linked
PbTx-3 was used as the antigen and an antiserum was produced in a goat that was
found to bind competitively to PbTx-2 and PbTx-3 (as cited in Cembella et al.,
1995). Because the assay is structural rather than functional, the antibody also binds
to non-toxic PbTx derivatives with similar binding activity. When keyhole limpet
haemocyanin was used instead of BSA, more efficient antibody production occurred
(as cited in Baden et al., 1988). Recent studies on epitopic recognition using naturally



76

Assessment and management of biotoxin risks in bivalve molluscs

occurring and synthetic BTX derivatives with two different anti-PbTx sera indicated
that single antibody assays may not be adequate for detecting NSP toxin metabolites.
Tests are being developed to utilize more than one antibody specifically for
recognition of different regions of the polyether ladder (Baden ez al., 1988; Levine and
Shimizu, 1992; Poli, Rein and Baden, 1995; Trainer and Baden, 1991). In a later study
(Baden et al., 1995) further modifications of the ELISA method are reported, which
resulted in improved specificity and detectability. BTX in fish tissue could not
be measured until 1995 by the ELISA because BTX is covalently conjugated via
well-known cytochrome P450-monooxygenase detoxification pathways, and
glutathione-S-transferase activities are induced as well. Normal tissue extraction will
not release bound toxin in fish tissue. The ELISA was entirely satisfactory for detecting
and quantifying BTXs in dinoflagellate cells, requiring as few as 10-50 cells. Shellfish
tissue could be analysed with ELISA but at the expense of the detectability. The
modifications and alternative techniques reported by Baden ez al. (1995) made it possible
to use the ELISA for BTX detection in dinoflagellate cells, in shellfish and fish seafood
samples, in seawater and culture media, and in human serum samples. Naar et al. (1998)
reported the improved development of antibody production to PbTx-2-type BTXs
and developed a new RIA. The detection limit for PbTx-3 was 0.33 picomoles with a
detectability range between 0.01 and 1100 picomoles. In a later study, Naar ez al. (2001)
described the production and characterization of mouse polyclonal and monoclonal
antibodies (MAbs) specific for PbTx-2-type toxins using PbTx-3-carrier-conjugates
prepared at the nanomolar level in a reversed micellar medium. The authors considered
this first report on MAbs production to PbTxs most promising for the development of
MAD-based assays to poorly available marine polyether-type potent neurotoxins. Naar
et al. (2002) reported the development of a competitive ELISA for the detection of
BTXs in seawater, shellfish extract or homogenate, and mammalian body fluid (urine
and serum without pretreatment, dilution or purification) using goat antibrevetoxin
antibodies obtained after immunization with keyhole limpet haemocyanin-brevetoxin
conjugates, in combination with a three-step signal amplification process. The
detection limit for BTXs in spiked oysters was 2.5 pg/100 g shellfish meat.
Garthwaite et al. (2001) developed a group ELISA for ASP, NSP, PSP and DSP toxins
including yessotoxin (YTX) as a screening system for contaminated shellfish samples.
The system detects suspected shellfish samples. Thereafter, the suspected samples have
to be analysed by methods approved by international regulatory authorities. Alcohol
extraction gave good recovery of all toxin groups.

The competitive ELISA developed by Naar et al., (2002) was performance tested
and compared with other methods in the 2002 study by Dickey et al., 2004. Other
methods tested in this study included N2a neuroblastoma cell assay, RBA, and
LC/MS. Three to five laboratories independently performed each method using centrally
prepared test samples from non-toxic shellfish, PbTx-3-fortified shellfish at four levels:
0, 40, 80 and 160 pg/100 g, and naturally incurred oyster samples at 29, 58 and
116 pg/100 g. ELISA homogeneity of variances for fortified test samples passed
Cochran’s test at the 2.5 percent level of significance, and no statistical outlying
laboratories were detected (Table 3). For the naturally incurred test samples one
outlying laboratory was identified. Recoveries of PbTx-3 from fortified test samples
averaged 87 percent. The lower limit of detection was not tested for any of the
methods but in practice all methods easily measured spiked test samples one order of
magnitude below the regulatory guidance level (2 MU/g or 0.8 ppm). After excluding
data from outlying laboratories, within-laboratory variation (RSD,) for all test samples
averaged 10 percent. Between laboratory variation (RSDy) for all test samples averaged
16 percent. HORRAT values averaged 0.99. AS the microplate format RBA discussed
above, this study of methods performance showed statistically acceptable correlation
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of MBA with the ELISA and concluded that this method was a suitable replacement
for MBA.

TABLE 3

ELISA performance estimates
Parameter Sample C Sample A Sample E Sample B Sample F Sanl;ple
N 9 9 9 9 9 9
Assay mean (ppm) 0.30 0.71 1.53 0.47 0.86 1.91
Spike level (ppm) 0.4 0.8 1.6 - - -
Incurred toxin - - - 0.29 0.58 1.16
(ppm)
Percent recovered 76 89 96 - - -
Percent of incurred - - - 162 148 165
value
Repeatability SD (S,) 0.033 0.099 0.22 0.027 0.080 0.20
Repeatability RSD, 0.1092 0.1393 0.1452 0.0577 0.0930 0.1035
Repeatability value, 0.093 0.28 0.62 0.076 .022 0.55
r(2.8 xS,
:Re;)roducibility SD 0.060 0.11 0.28 0.048 0.15 0.28
Sr
Reproducibility 0.20 0.15 0.18 0.10 0.17 0.15
RSDg
Reproducibililty 0.17 0.30 0.78 0.13 0.41 0.78
value, R (2.8 x Sg)
HORRAT 1.04 0.89 1.21 0.57 1.05 1.01
(RSDg%/PRSDg%)

PRSD% = 2C15%5 where C = (estimated mean in ppm x 10)

Statistical analysis: Data were analysed using the 1-way ANOVA for each test sample. In each analysis, the Cochran’s
test for homogeneity of variances was applied at the 2.5 percent level of significance. The repeatability and
reproducibility values (r and R) indicate that the absolute difference of two test results from a single laboratory

or from two laboratories (i.e. one result from each laboratory) is expected to be below r or R in 95 percent of the
cases. HORRAT values less than 2 indicate that the method is acceptable according to the relative reproducibility
standard deviation of historical data for AOAC International validated methods. It should be noted, however, that
the number of laboratories performing each of the alternative methods in this study (3-5) is too small for AOAC
International full collaborative validation status, but does meet the reduced format criteria for peer verification of
methods.

Source: Plakas et al., 2008.

4.3.3 Instrumental analysis

Liquid chromatography with mass spectrometry (LC-MS) techniques have been
extensively employed for the identification and confirmation for marine biotoxins in
general, and have been clearly demonstrated by a number of laboratories as instrumental
in the characterization of PbTx and metabolites in molluscan bivalves. The high-
sensitivity, high-specificity and multitoxin capabilities also make LC-MS attractive as a
regulatory tool and Reference Method (Codex Type II). However, until recently, there
had not been a strong effort put into establishing all the performance characteristics
of LC-MS methods that would enable their use in quantitative analysis of PbTx
and metabolites in shellfish. Many “discovery” reports demonstrate the potential of
LC-MS, but expansion into the regulatory setting is impeded by the diversity of PbTx
metabolites in different bivalve species, the lack of reference standards for key PbTx and
metabolites, and the lack of information on their toxicological significance. Practical
considerations also, such as requirements of technical expertise and the expense of
instrument procurement and maintenance, hinder conceptual adoption of LC-MS for
routine regulatory roles. Nevertheless, several studies suggest that selected PbTx and
metabolites may serve well as quantitative “markers” of exposure and provide levels of
protection equivalent or superior to that afforded by the conventional APHA MBA.
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TABLE 4

LC-MS performance estimates
Parameter Sample C Sample A Sample E Sample B Sample F Sample D
N 15 15 15 15 15 15
Mean 0.295 0.615 1.316 1.163 2.167 4.047
Spike/toxin value (ppm) 0.4 0.8 1.6 0.29 0.58 1.16
Percent recovery 73.8 76.9 82.3 401.0 373.6 348.9
Repeatability SD (S,) 0.057 0.082 0.112 0.158 0.366 0.442
Repeatability RSD, 0.194 0.133 0.085 0.136 0.169 0.109
Repeatability value, 0.160 0.230 0.314 0.443 1.024 1.239
r (2.8 xS,
Reproducibility SD (Sg) 0.065 0.146 0.241 0.988 1.247 2.397
Reproducibility RSDy 0.221 0.238 0.183 0.850 0.576 0.592
Reproducibility value, R 0.183 0.410 0.674 2.767 3.493 6.713
(W.8 x Sg)
HORRAT 1.15 1.38 1.19 5.43 4.04 4.57
(RSDg%/PRSDy%)

PRSDg% = 2C%"3%5 where C = (estimated mean in ppm x 10%)

Statistical analysis: Data were analysed using the 1-way ANOVA for each test sample. In each analysis, the Cochran’s
test for homogeneity of variances was applied at the 2.5 percent level of significance. The repeatability and
reproducibility values (r and R) indicate that the absolute difference of two test results from a single laboratory

or from two laboratories (i.e. one result from each laboratory) is expected to be below r or R in 95 percent of the
cases. HORRAT values less than 2 indicate that the method is acceptable according to the relative reproducibility
standard deviation of historical data for AOAC International validated methods. It should be noted, however, that
the number of laboratories performing each of the alternative methods in this study (3-5) is too small for AOAC
International full collaborative validation status, but does meet the reduced format criteria for peer verification of
methods.

Source: Plakas et al., 2008.

A 13-laboratory comparative study (Dickey er al., 2004) tested the performance
of LC/MS as an alternative to MBA for the determination of NSP toxins in the
United States Eastern oyster (Crassostrea virginica). Other methods tested in this
study included N2a neuroblastoma cell assay, RBA, and competitive ELISA. Five
laboratories independently performed LC-MS analyses using centrally prepared
test samples from non-toxic shellfish, PbTx-3-fortified shellfish at four levels:
0,40,80and 160 pg/100 gand naturally incurred oyster samplesat29,58,and 116 ug/100g.
MS data were acquired by SIM of the protonated molecules of PbTx-2 (MH+: m/z
895), PbTx-3 (m/z 897), and the more prominent conjugated cysteine metabolites of
m/z 1018 and 1034, as described above. Authentic standards for the conjugated PbTx
metabolites were not available. For LC-MS analyses, solutions of pure PbTx-3 were
prepared for use as analytical standards to verify system response and retention times.
For the conjugate ions m/z 1018 and 1034, partial separation of stereoisomers occurred
and their areas were combined. LC-MS homogeneity of variances for PbTx-3-fortified
test samples passed Cochran’s test at the 2.5 percent level of significance, and one
statistical outlying laboratory was detected. Recoveries of PbTx-3 from fortified
test samples averaged 78 percent. The lower limit of detection was not tested for
any of the methods but in practice all methods easily measured fortified test samples
better than one order of magnitude below the regulatory guidance level (2 MU/g or
0.8 ppm PbTx-3). Excluding data from outlying laboratory, within-laboratory
variation (RSD;) for all test samples averaged 14 percent (Table 4). Between- laboratory
variation (RSDg) for all test samples averaged 44 percent. HORRAT values averaged
2.96 (where < 2 indicated acceptable performance).

The study showed LC-MS performed as well as RBA or ELISA on fortified
test samples but was less consistent between laboratories for incurred test samples.
Selection of appropriate PbTx and/or metabolite markers and production of accurate
standards of those markers may resolve this discrepancy.

Additional LC-MS studies of PbTx in the Eastern oyster, i situ and in controlled
laboratory conditions, supported the premise that the cysteine conjugates, particularly
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those of B-type backbone structure, are useful LC-MS determinants of BTX exposure
in the Eastern oyster, and potential marker(s) for composite toxin (Wang et al., 2004;
Plakas et al., 2004). These studies acknowledged, however, that species specificity in
metabolism of PbTx, differences in rate of elimination and relative toxicity of PbTx
metabolites are considerations in the advancement of alternative methods to the MBA
for prevention of NSP.

In a study of New Zealand shellfish from the 1992-93 NSP outbreak, Nozawa, Tsuji
and Ishida (2003) developed procedures for quantitative determination of BTX-B1
together with PbTx-3 as marker candidates for subsequent monitoring. BTX-B1
was shown to contaminate cockle and Greenshell mussel, but not Pacific oyster,
while PbTx-3 was found in all these shellfish species. Ishida et al. (2004c) considered
BTX-B5, together with PbTx-3, good markers of shellfish neurotoxicity following
K. brevis blooms, as these compounds were also isolated in Greenshell mussel (Perna
canaliculus) and Pacific oyster (Crassostrea gigas) collected during the NSP outbreak
in New Zealand.

McNabb and Holland (2003) reviewed research findings on NSP toxins in
New Zealand shellfish by research teams at the Cawthron Institute, New Zealand, and
the University of Shizuoka, Japan. The objective of the review and subsequent research
was to identify reliable marker(s) for NSP in New Zealand shellfish. The review showed
that PbTx-3 was a common contaminant in Greenshell mussel, Pacific oyster and
cockle tissue as a result of metabolic reduction from PbTx-2; the main toxin produced
by Karenia sp. However, PbTx-2 was not present in contaminated cockle samples
and was difficult to measure quantitatively in the mussel and oyster. Consequently,
PbTx-2 was not considered further as a potential marker for NSP toxins, and a
quantitative LC-MS method for PbTx-3 was developed through the application
of procedures similar to those developed at the University of Shizuoka. PbTx-3
was found to be a good marker for NSP and was detected in all samples tested
by the Cawthron Institute from the 1993 NSP event and in feeding experiments
using a toxic K. brevis culture. The profile of PbTX-2 and -3 was similar in freshly
contaminated shellfish to samples from 1993 with similar APHA-MBA toxicity. The
feeding studies showed that the LC-MS method is at least 25 times more sensitive to
NSP contamination in Greenshell mussel than the APHA-MBA and can detect low
levels of NSP contamination weeks after an event. The NSP LC-MS method proved
to be significantly more reliable for New Zealand shellfish than the APHA-MBA,
particularly for Greenshell mussel, which has yielded surprisingly variable results with
APHA-MBA.

The following calculations indicate the base sensitivity required for an NSP
LC-MS based on testing for PbTx-3 as a marker. The PbTx toxicity equivalence
factor for the APHA MBA is that 1 MU corresponds to 4 micrograms of PbTx-3, i.e.
the regulatory limit of 20 MU/100 g flesh corresponds to PbTx-3 only at 0.8 mg/kg
shellfish. Depending on shellfish species, PbTx-3 contributes 4-26 percent of the total
toxicity derived from PbTx extractable by methanol (PbTx-2, PbTx-3 and more polar
metabolites; Nozawa, Tsuji and Ishida, 2003). For Greenshell mussels that contained
total PbTx of 0.8 mg/kg, the PbTx-3 proportion of 4 percent would correspond to
0.03 mg/kg of PbTx-3 — a level readily detectable by LC-MS. This is the “worst case”
because levels of total BTXs in shellfish must be much higher than 0.8 mg/kg to give an
APHA-MBA result of 20 MU/100 g because of the poor extraction efficiency of ether
for the predominant polar and toxic metabolites. The screen assay must have a very low
false negative rate so that truly toxic samples are not missed. The screen assay should
also have a low false positive rate, so that the number of unnecessary confirmation
analyses required is minimized. An LC-MS assay for PbTx-3 as a “marker” NSP
toxin can provide this type of test, because the method of detection is highly specific
and the detection limit is low (in this case 0.01 mg/kg). The practicality of such a test
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has been established based on recent research and method development. This method
for quantitative determination of PbTx-3 in shellfish tissues has been validated in
New Zealand.

McNabb and Holland concluded that, in New Zealand, the need to introduce the
LC-MS NSP test is considered immediate because: 1) the APHA-ether test is ineffective
for testing NSP-contaminated Greenshell mussel; 2) reliance on DSP/NSP “screen”
testing is unfounded; and 3) the variability, low sensitivity and slow sample turnaround
of the current mouse tests for NSP toxins may result in shellfish contamination events
being missed. The arguments for adoption of NSP screening in New Zealand based on
LC-MS testing included: 1) a very low false-negative rate because of the high sensitivity
for PbTx-3-NSP contaminated samples that could be positive in the APHA-ether
test will not be missed; 2) a low false-positive rate because of the high specificity
of detection — confirmatory APHA-ether tests will only be required during true
NSP contamination events; and 3) the LC-MS test is very sensitive and rapid so that
low-level events can be investigated before shellfish toxicity develops. The new LC-MS
test will not initially replace the use of the APHA-MBA but will act as an efficient first
screen to detect low levels of NSP contamination that warrant further investigation by
APHA-MBA or other appropriate tests.

4.3.4 Assessment of alternative test methods

In New Zealand, there has been no recurrence of NSP toxin producing blooms since
the 1992-93 event. Consequently, there has been little opportunity to assess alternative
methods under actual field conditions. In the United States Gulf of Mexico, K. brevis
blooms occur annually and cell densities regularly reach millions of cells per litre.
This circumstance permitted the assessment of alternative methods under actual field
conditions.

In a study by Pierce et al. (2004), APHA-MBA and alternative methods (i.e. receptor
binding, N2a neuroblastoma cell assay, ELISA and LC-MS) were used to monitor
PbTx uptake and elimination during the time-course of a small-scale K. brevis bloom in
Sarasota Bay, Florida, the United States of America. The comparison of results is given
in Figure 5. MBA results showed oyster toxicity (> 20 MU/100 g) for about 4 weeks
following the bloom, indicating a persistent public health risk. Although oysters were
toxic by MBA, little or no parent PbTx was detected by LC-MS, suggesting that PbTx
metabolites (e.g. fatty acid conjugates) contributed to APHA-MBA response. Results
of the various assays exhibited good general agreement in the time-course of toxin
uptake and elimination although numerical values differed substantially by method.
The difference in numerical values is not unexpected considering the various detection
end-points measured by the methods. The results of the comparison suggest that
establishing equivalence to the existing NSP guidance level may be possible.

4.4 Conclusions

In the United States of America, PbTx and metabolites identified from naturally
incurred toxic bivalves have been verified by several research laboratories, and
confirmed in controlled exposures of bivalves to K. brevis cultures in the laboratory.
Metabolites of PbTx-2 occur in greater relative abundance than corresponding
metabolites of the other PbTx congeners. Cysteine conjugates of PbTx-2 and PbTx-1
(and their sulphoxides) represent the more prominent ions in LC-MS chromatograms,
and particularly those of B-type backbone structure, are useful LC-MS determinants
of BTX exposure in the Eastern oyster, and potential marker(s) for composite toxin.
Similarly, the composite toxin methods, RBA and ELISA, compared well with the
APHA-MBA response. Further work with naturally incurred toxic bivalves will
enable refinement of toxin burden equivalence values as measured by in vitro assay
and instrumental method, with those of the APHA-MBA. Such studies must consider
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species specificity in metabolism of PbTx, differences in rate of elimination and the
relative toxicity of PbTx metabolites in the advancement of alternative methods to the
MBA for prevention of NSP.

In New Zealand, PbTx and metabolites identified from naturally incurred toxic
bivalves have been verified by several research laboratories, and confirmed in controlled
exposures of bivalves to K. brevis cultures in the laboratory. PbTx-3 and metabolites
of PbTx-2 occur in greater relative abundance than corresponding metabolites of the
other PbTx congeners. Oxidized taurine and cysteine conjugates of PbTx-2 represent
the more prominent ions in LC-MS chromatograms. Because PbTx-3 was a common
contaminant in all bivalve species tested from the 1992-93 NSP event, a quantitative
LC-MS method for PbTx-3 was developed and is proposed as a first screen to detect
low levels of NSP contamination until investigation by APHA-MBA is warranted.
Inconsistency has been encountered, however, in the APHA-MBA of some bivalve
species, particularly the commercially important Greenshell mussel, emphasizing
the need for alternative method(s). Alternate LC-MS methods incorporating
prominent PbTx metabolites (e.g. BTX-B1, -B2 and -B5) have been proposed and
are under investigation, and preliminary results from an ELISA recently developed in
New Zealand are promising. Further performance testing of these methods is
anticipated. In the interim, PbTx-3 is the focus for an LC-MS method for use as a
marker or indicator of NSP contamination, and potential toxicity, ancillary to APHA-

MBA.

FIGURE 5
Comparison of assay methods for NSP-contaminated oysters
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Notes: Before, during and after exposure to a K. brevis bloom in Sarasota Bay, Florida, the United States of America.
Bloom initiation (arrow) 12 January 2004 to end (arrow) 27 February 2004. APHA-MBA data are plotted in MU/100 g.
Bioassays results below 20 MU/100 g are depicted as 1 MU/10 g to indicate that the value is less than 20 but greater

than 0 MU/100 g. Alternative results are expressed in PbTx-3 equivalence.

Source: Plakas et al., 2008.
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5. FOOD CONSUMPTION/DIETARY INTAKE ESTIMATES

No actual quantitative data exist that address the shellfish level of BTX that induces
human illness. The regulatory limit is presently set at 20 MUs per 100 g of shellfish
tissue (US FDA, 2001). According to Baden and Mende (1982), the i.p. LD,
for BTX is approximately 4 pg per mouse (or 80 pg per 100 g of shellfish tissue)
(i.e. 20 MUs x 4 pg per MU = 80 pg). This is how the regulatory limit is defined. The
highest levels of BTX measured in Florida shellfish approaches 4 000 pg/100 g of
shellfish or 4 mg/100 g (i.e. 500-fold above the regulatory limit). Of note, although
i.p administration is not the route by which humans are poisoned, the regulatory
guidelines indicate that i.p is the route of choice for regulatory determinations.
Therefore, assuming a 200 g meal size of shellfish, for human regulatory doses, the limit
is 160 pg/person orally (or using an average 60 kg person, 2.7 pg/kg b.w.).

Noting that the highest levels measured in shellfish by Naar (J. Naar, personal
communication) have been in excess of 4 000 pg/100 g of shellfish tissue, clearly
shellfish in Florida regularly reach limits that could cause human illness. Consequently,
analytical methods need to be able to measure toxin concentrations at or below the
current 80 pg/100 g of shellfish. Specific data on the oral potency of any BTXs other
than PbTx-2 and PbTx-3 are not available, nor are there any data to evaluate the effects
of the brevenal antagonist in the mixture. Furthermore, in order to ascribe specific
potency limits for humans, much more data need to be available on actual human
intoxications. To the credit of the Florida public health and environmental monitoring
officials, by using the cell counts in water rather than the toxin levels in shellfish to
close shellfish beds, there has been a dearth of actual human NSP intoxications in
Florida.

A recent dolphin die-off in April 1996 in the Florida Panhandle has raised the
possibility that at least theoretically but under rare circumstances fish could be
contaminated with BTXs in sufficient doses to cause poisonings. In this particular
dolphin die-off, the dolphins died from brevetoxicosis and their stomach contents
consisted of fish contaminated with BTX by ELISA (J. Naar, personal communication).

More data are needed on the other BTXs, their metabolites and antagonists levels

in shellfish and fish.

6. PREVENTION AND CONTROL

Regulations for BTXs in shellfish are in force in a few countries (i.e. Italy, New Zealand
and the United States of America) based on MBA. The action level is 20 MU/100 g
shellfish flesh (~80 pg PbTx-2/100 g shellfish flesh) (US FDA, 2001). The regulatory
application of information derived by using MBA is based upon studies conducted
in the 1960s that compared the incidence of human illness with the incidence of
death in mice injected with crude extracts from shellfish in diethylether (cited from
van Apeldoorn, van Egmond and Speijers, 2001; FAO, 2004).

Since the mid-1970s, the Florida Department of Environmental Protection has
conducted a control programme with the closure of shellfish beds when K. brevis
concentrations are greater than 5 000 cells/litre, until 2 weeks by testing for toxin with
MBA testing. This should prevent cases of ingestion NSP related to contaminated
shellfish consumption in most of the Florida human population, but not the respiratory
irritation associated with exposure to aerosolized red tide toxins. There is monitoring
of these red tides with their characteristic discoloration and massive fish kills by the
Florida Department of Environmental Protection, as well as unsolicited reports to
the Florida Department of Health of respiratory irritation. Although other states
such as Texas have done otherwise, in Florida where the red tides are almost a yearly
occurrence, beaches are not closed to recreational or occupational activities, even
during very active near-shore blooms (Kirkpatrick ez al., 2004; Backer et al., 2004).
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Since the detection of NSP and BTX producing dinoflagellates in early 1993,
New Zealand has rapidly evolved a management strategy. All commercial and
non-commercial shellfish harvesting areas around the entire coastline are sampled
on a weekly basis year round. Most major commercial growing areas have weekly
phytoplankton sampling programmes and a “library” system of harvest sampling
for the purpose of addressing the temporal and spatial spread of toxic events has
been initiated. MBA (APHA method) is in force and 20 MU/100 g is employed as
an acceptable level. This level corresponds to a survival time of six hours (Trusewich
et al., 1996). Currently, shellfish testing involves MBA screen testing for NSP toxins
with confirmatory testing (Busby and Seamer, 2001). A new biotoxin monitoring
programme providing data that are highly accurate, in a shorter time and without the
use of MBA is being developed. This new programme will implement test methods
based on LC-MS providing chemical analytical data in place of bioassay screen test
results. The development and implementation of new test methods are in discussion
including funding, method validation, testing regulations, availability of analytical
standards, comparison to existing tests, type of instrumentation and international
cooperation (McNabb and Holland 2001; FAO, 2004).

In Denmark, a monitoring programme exists for several algal species, among
others, Karenia spp. At 5.10° cells per litre (depending on species) fishery product
harvesting areas are closed (Van Egmond, Speyers and Van den Top, 1992). In Italy,
BTX-producing algae are monitored, and at simultaneous presence of algae in water
and toxin in mussels, fishery product harvesting areas are closed. In Italy, provision
of law is based on MBA and established “not detectable” in shellfish (Van Egmond,
Speyers and Van den Top, 1992; Viviani, 1992). Argentina has a national monitoring
programme of mussel toxicity in each coastal province throughout regional laboratories
and one fixed station in Mar del Plata (Ferrari, 2001). Brazil had a pilot monitoring
during one year, but not a national monitoring programme (Ferrari, 2001); Uruguay
has a National Monitoring Programme on mussel toxicity and toxic phytoplankton
(Ferrari, 2001; FAO, 2004). The primary prevention described above has been the most
frequently recommended and the most obvious intervention for the human diseases
associated with eating marine seafood contaminated with toxins. The populations
most likely to be exposed to, and thus affected by, harmful algal bloom (HAB) toxins
include those occupationally involved in seafood harvesting, shipping, and processing;
seafood consumers (including those eating seafood they caught or seafood served in a
restaurant); environmental workers (especially those collecting samples); persons who
work and play on or near the water; and coastal communities, especially indigenous
peoples who rely on seafood for a substantial proportion of their diet. Banning or
severely limiting seafood harvesting also would significantly affect commercial and
recreational fishing (Backer er al., 2004).

Epidemiologic and laboratory methods can help identify food and toxins associated
with a particular disease outbreak. However, very little clinical research has been
conducted to determine effective treatments for these diseases; and medical care is
primarily supportive as described below (Backer et al., 2004; Blythe et al., 2001).
Of note, Poli (1988) has recommended safety procedures for the safe laboratory
handling of BTXG.

6.1 Depuration of shellfish

The loss rate of toxins from bivalves depends upon the site of accumulation, which
may differ between phycotoxins. Scallops are the most intensively studied species and a
two-phase detoxification was suggested: an initial rapid loss similar to the accumulation
rate followed by a slower phase. During this process, the toxin profile may
change between tissues, such as kidney and mantle, with toxic transfer between
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tissue compartments or organs before excretion or secretion into the environment
(Baden, Fleming and Bean, 1995; FAO, 2004).

The most common way of depurating bivalves is self-depuration, achieved by
moving shellfish stock to clear water. Cooking and freezing is ineffective. One of the
most promising treatments appeared to be ozone, which has been shown to assist
in the depuration of mussel tissue of NSP (cited from van Apeldoorn, van Egmond
and Speijers, 2001; FAO, 2004). Oysters accumulate BTXs in less than 4 hours in
the presence of 5 000 cells/ml, and depurate 60 percent of the accumulated toxin in
36 hours. Potency of depuration is species-specific and highly variable, even under
controlled laboratory conditions. Commercial bivalves are generally safe to eat
1-2 months after the termination of any single bloom episode. Canning cannot be
a way to decrease BTX concentration in bivalves (Baden, Fleming and Bean, 1995;
Viviani, 1992; FAO, 2004).

In Crassostrea virginica, depuration of BTXs occurs 2-8 weeks after the bloom has
dissipated. However, the metabolic fate of toxins in shellfish is species-specific.

Using a half-factorial experimental design, K. brevis cells were cultured and fed
to Pacific oysters (Crassostrea gigas) at rates of between 10.45 and 24.5 million cells
per oyster over 24-hour periods. Thereafter, the oysters were detoxified in various
laboratory tanks over five-day periods. MBAs showed initial levels between 25 and
100 MU per 100 g of drained oyster meat, with larger oysters accumulating more toxin
than the smaller ones. Experimental factors were temperature (15 and 20 °C), salinity
(24 and 33-34 %o), filtration (5 pm) versus no filtration, and treatment with ozone (to a
redox potential of 350 mV in the shellfish tanks) versus passive UV light sterilization.
Two experiments compared oysters that had been fed K. brevis over 5 days (5.0 or
3.5 million cells per oyster/day) with those fed for 24 hours (10.79 or 24.5 million cells
per oyster). With the exception of one (4 tanks), all treatment combinations resulted
in an initial decline of the BTX level reaching a minimum < 20 MU per 100 g by
day 3 regardless of the initial toxin level or whether the toxin had accumulated over
1 or 5 days. The three-day period of decline was followed by a period of minimal
reductions. None of the experimental factors had any statistically significant effect on
the final toxin levels, suggesting that oysters will detoxify regardless of the conditions
once they are placed in an environment free from toxic algae. The presence of final BTX
levels just above 20 MU per 100 g (20.6 MU per 100 g) in some samples means that the
process is not yet commercially viable (cited from van Apeldoorn, van Egmond and
Speijers, 2001; FAO, 2004).

6.2 Decrease of K. brevis cells and reduction of toxins

Cell cultures of K. brevis in artificial seawater were subjected to microwave irradiation
at 2 450 MHz. Irradiation was for four 60 seconds intervals separated by 5 minutes
intervals of cooling at 25 °C. A decrease in number of cells was seen. As a function
of power (0-0.113 kJ/ml culture) the decrease in surviving cells was about 14 percent.
A pronounced decrease or threshold effect was evident at energy levels above
0.08 kJ/ml of culture (cited from van Apeldoorn, van Egmond and Speijers, 2001;
FAO, 2004).

The effect of ozonated artificial seawater on K. brevis cells and toxins was studied.
When artificial seawater, ozonated for 60 seconds, was added to K. brevis cultures
the number of surviving cells decreased approximately 80 percent (t,, = 10 seconds).
When cultures of K. brevis in artificial seawater were directly ozonated for 60 seconds,
non-intact cells were found (t,, = 2.5 seconds). Experiments carried out in artificial
seawater demonstrated that extracted K. brevis toxins (PbTx-1, -2, -3, -5, -7 and -9)
reintroduced into artificial seawater, as well as toxins in whole cell cultures of K. brevis
in artificial seawater at exposure to ozone for 0, 1, 5 or 10 minutes, displayed a
marked reduction as ozone exposure increased. Total toxin concentration was reduced
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99.9 percent after 10 minutes ozonization as determined by high-performance liquid
chromatography (HPLC) analysis. Bioassays with the fish Cyprinodon variegatus
confirmed the toxin reduction. As ozone exposure was increased to 5 minutes,
total amounts of all toxins were reduced (Pierce, Henry and Rodrick, 2001; Baden,
Fleming and Bean, 1995; cited from van Apeldoorn, van Egmond and Speijers, 2001;
FAO, 2004).

Doucette, McGovern and Babinchak (1999) studied the role of algicidal bacteria
active against K. brevis. Two bacterial strains isolated from the Gulf of Mexico
appeared to be lethal to K. brevis. The algicidal activity of one of these two strains was
characterized. The strain was isolated from waters without K. brevis cells, suggesting
that such bacteria are part of the ambient microbial community and are not restricted
to areas of high K. brevis abundance. The bacterial strain examined, produced (a)
dissolved algicidal compound(s) that was (were) released into the growth medium,
and the algicide was effective against the four Gulf of Mexico K. brevis isolates tested,
as well as against a closely related HAB species that also occurred in this region:
G. mikimotoi (FAO, 2004).

Another control technique under examination in the laboratory setting is the
addition of a blue-green alga, Nannochloris, into a K. brevis red tide culture (Martin
and Taft, 1998; Perez, Sawyers and Martin, 1997). In laboratory studies, Nannochloris
produces cytolytic agents called Apparent Oceanic Naturally Occurring Cytolin
(APONINSs), which react with the K. brevis cells and render them into a non-motile
or resting form (Derby et al., 2003; Perez, Sawyers and Martin, 2001). Ongoing studies
at Mote Marine Laboratory in Sarasota, Florida, the United States of America, indicate
that adding Nannochloris cells to fish tanks containing K. brevis improves the health
of the fish. Under the conditions used, the model showed that N. oculata would
eradicate a K. brevis outbreak in little less than two days. The model demonstrated
that N. oculata is a potential management method for K. brevis blooms, but further
experiments need to be performed.

Interest in controlling the growth of HAB-forming marine organisms to protect
food supplies has varied over the last 50 years. In 1958, copper sulphate was applied in
west Florida waters to control a red tide bloom (U.S. Bureau of Commercial Fisheries,
1958). Although the number of viable organisms decreased immediately, the copper
sulphate was not species-specific and did not last over time. The Asian aquaculture
industry has used clay and clay compounds to coagulate the organisms where they
sink to the bottom (Kim, 1988; Yu, Sun and Zhou, 2001). This technique is
concurrently being examined in the United States of America under laboratory settings
(Sengco, 2003).

Pierce et al. (2004) have also assessed the ability of phosphatic clay to remove the
toxic dinoflagellate, Karenia brevis, and the potent neurotoxins (BTXs) produced
by this species. Results showed that the addition of an aqueous slurry of 0.75 g (dry
weight) clay to K. brevis culture containing 5 x 10°and 10 x 10¢ cells/litre, removed
97+4 percent of BTXs from the water column within 4 hours after the addition of
clay. Clay flocculation of extra-cellular BTXs, released from cells ruptured (lyzed)
by ultrasonication, removed 70+10 percent of the toxins. Addition of the chemical
flocculant, polyaluminium chloride (PAC), removed all of the extra-cellular toxins.
A 14-day study was undertaken to observe the fate of BTXs associated with clay
flocculation of viable K. brevis cells. At 24 hours following the clay addition,
90+18 percent of the toxins were removed from the water column, along with
85+4 percent of the cells. The toxin content of clay diminished from 208+13 pg at
Day 1, to 121+21 pg at Day 14, indicating that the phosphatic clay retained about
58 percent of the toxins throughout the 14-day period. These studies showed the utility
of natural clay as a means of reducing adverse effects from HABs, including removal
of dissolved toxins, in the water column, although considerable work clearly remains
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before this approach can be used on natural blooms in open waters. A question remains
as to whether the benthic deposition of toxin-containing cells is actually an advantage.
Although not quantified, it can be postulated that the efficiency of the toxin and cell
removal from water would be concentration dependent.

6.3 Degradation of BTXs

Brevetoxins are highly stable compounds, resistant to acids and heat (including
normal cooking procedures) as well as being tasteless and odourless. BTX (associated
with NSP) was not inactivated by exposure to 1 000 °F (537 °C) dry heat but was
inactivated by exposure at 5 000 °F (2 760 °C) (Poli, 1988). These three compounds
also are relatively stable in basic pH, and are resistant to autoclaving (Poli, 1988;
Wannemacher, 2000).

Brevetoxins containing an aldehyde functional group on the terminal “tail” side
chain, are easily converted to dimethylacetal structures in acidic solutions, while
acid reaction to form the methyl ester at the head-side lactone ring proceeds slowly.
Reactivity of BTXs to acid attack shows the following order: PbTx-1 > PbTx-2 >
PbTx-9. Under basic conditions, head-side lactone ring opening initiated by hydroxide
ion attack proceeds to completion in 120 and 50 minutes for PbTx-2 and PbTx-9,
respectively, while that for PbTx-1 did not reach completion after 120 minutes. Base
hydrolysis proceeds faster than acid hydrolysis under comparable acidic or basic
conditions. However, these acid and base hydrolyses can be reversible reactions and
they may not be reliable for degradation purposes. Brevetoxins are easily oxidized
by potassium permanganate through addition across the double bond followed by
cleavage. Brevetoxin oxidation treatment is an irreversible process and proceeds
relatively fast, thus it could be a good means of BTX degradation (Hua and Cole, 1999;
FAO, 2004).

6.4 Other preventive measures

Toxic blooms of K. brevis are generally detected by visual confirmation (water
discoloration and fish kills), illness to shellfish consumers and/or human respiratory
irritation with actual toxicity verified through time-consuming chemical analyses
for BTXs within shellfish samples and MBAs. The exact environmental conditions
leading to HABs are poorly understood. As a consequence, it is extremely difficult to
predict the occurrence and magnitude of a bloom, thereby ensuring an “after-the-fact”
management strategy dependent upon accurate water-quality evaluation. Monitoring
programmes relying on microscopic identification and enumeration of harmful taxa
in water samples generally suffice for preventing human intoxication. However,
microscopic-based monitoring requires a high level of taxonomic skill, usually takes
considerable time and can be highly variable among personnel. Therefore, an alternative
and/or complementary evaluation system for predicting bloom occurrence and
dynamics is highly desirable. Diagnostic pigment signatures and iz vivo optical density
spectra can effectively differentiate among most phylogenic groups of microalgae and
macroalgae, and sometimes, taxa with a variety of habitats (Kirkpatrick ez al., 2004;
FAO, 2004).

6.5 Treatment

The usual treatment for NSP has been supportive (Baden, Fleming and Bean, 1995;
Blythe er al., 2001). Of note, ciguatera fish poisoning is caused by the ingestion of
large reef fish contaminated with ciguatoxin and other natural marine toxins (Lehane
and Lewis, 2000); acute ciguatera can be treated (and the onset of chronic symptoms
lasting weeks to months prevented) by the administration of i.v. mannitol within a few
hours to days of exposure; the exact mechanism of action is unknown although may
be related to diuresis of toxins and/or decrease of the swelling of the myelin sheath
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on affected nerves (Mattei ez al., 1999; Palafox et al., 1988). The BTXs are structurally
very similar to the ciguatoxins, and bind to the same subunit of nerve cell sodium
channels (Baden, Fleming and Bean, 1995). Therefore, it is possible that persons
suffering from NSP may respond to i.v. mannitol (Mattei et al., 1999). Ramsdell et al.
(2003) prefed cholestyramine to female CD 1 mice and then PbTx-3 via oral gavage at
230 and 300 pg/kg PbTx-3. These researchers stated that 5 percent cholestyramine in
the diet attenuated the toxic effects of BTX in mice; however, at present the therapeutic
effect of cholestyramine was not correlated with reduction of the blood levels of the
toxin. Finally, in a sheep model of human asthma exposed to BTX aerosols, a range of
commonly used asthma medications, as well as a newly identified natural antagonist
(brevenal), have been shown to block the respiratory effects of aerosolized BTX
exposure (Abraham et al., 2003; W. Abraham, personal communication).

7. DOSE RESPONSE ANALYSIS AND ESTIMATION OF CARCINOGENETIC RISK
Data are available, with a greater or lesser degree of detail, on the acute toxicity of
BTXs in animals and humans through a variety of exposure routes. These materials are
rapidly absorbed from the gut after oral administration and from the peritoneum after
injection (as well as via inhalation of aerosols and possibly dermally). There are very
little data available in either animals or humans concerning the health effects of chronic
low dose exposure to BTXs.

The most obvious toxicity end-point for the BTXs is neurotoxicity, both central
and peripheral. In addition, the iz vitro data suggest that PbTx-3 can induce effects in
the liver that appear to be similar to those observed in nerve and muscle membranes
(Rodriguez-Rodriguez and Maldonado, 1996; Trainer and Baden, 1999; cited from
van Apeldoorn, van Egmond and Speijers, 2001; FAO, 2004). Additional iz vitro data
showed positive inotropic and arrhythmogenic effects on isolated rat and guinea pig
cardiac preparations at concentrations between 1.25 x 10®and 1.87 x 107 M PbTx-2.
The studies suggested that PbTx-2 is a potent cardiotoxin and exerted its effects by
increasing sarcolemmal sodium permeability, and by releasing catecholamines from
sympathetic nerve endings (cited from van Apeldoorn, van Egmond and Speijers, 2001;
FAO, 2004). Finally, computer modelling suggests that BTX is a possible enzymatic
binding inhibitor of cysteine cathepsins (Bossart ez al., 1998; Sudarsanam et al., 1992).
Therefore, Bossart er al. (1998) postulated that the effects of aerosolized BTXs may be
chronic, not just acute. These chronic effects would begin with the initial phagocytosis
by macrophages, inhibition of cathepsins and apoptosis of these cells, followed by
the phagocytosis of the debris by new macrophages, ultimately resulting in chronic
neuro-intoxication, haemolytic anaemia, and/or immunologic compromise. In
addition, with the demonstrated differences in effect based on small alterations in toxin
structure, it can be surmised that the profile of toxin presented will result in a variety
of signs and symptoms.

Although classic animal carcinogenicity studies have not been performed, with
regards to potential genotoxicity, only minor histopathologic effects and a total of
only 29 significant (> 2.0-fold) changes in gene expression were observed in mice
injected 1.p. with BTXs. These results argue against the hypothesis that PbTx-6 acts
via a classic AhR-mediated mechanism to evoke gene expression changes. However,
given the avidity with which the AhR binds to PbTx-6, these findings have important
implications for how PbTxs may act in concert with other toxicants that are sensed by
the AhR (Walsh ez al., 2003). Very preliminary experimental comet data indicate that
PbTx-2 tests positive at nanomolar concentrations (Bourdelais ez al., 2004; J. Gibson,
personal communication).

The structure of the BTXs is of paramount importance for their toxicity. BTXs
are characterized by a multiplicity of toxins that change in their potency profile with
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stage and age of the red tide culture, and the presence and absence of antagonists and
metabolites, as well as environmental conditions. PbTx-1 and PbTx-2 are the structural
backbones of all other BTXs, their metabolites and antagonists; all other substances
are derivative. Subtle change in the conformational preference induces a significant
change in the gross shape of the molecule, which is believed to be responsible for the
loss of binding affinity and toxicity (Rein et al., 1994). If more data become available,
the toxicity of the different analogues could be expressed relative to BTX, similarly as
it is done in the case of PSP, where the toxicity of STX analogues is expressed as STX.

Overall, it is safe to conclude that human illness (both acute and possibly chronic)
because of the ingestion and inhalation of K. brevis products is complex, and is caused
by at least ten toxins based on two structural backbones, with metabolites that have
potential activity themselves, and with polyether antagonists that have the capability
to modulate composite potency.

8. EVALUATION'

There are very limited quantitative human data (even from poisonings) available
to derive the human oral ARfD or the tolerable daily intake (TDI) dose for
BTX in shellfish. It is perhaps noteworthy that no human fatalities have been
reported associated with consumption of shellfish contaminated with BTXs. Based
on the fact that the mouse oral LDs, for PbTx-2 (the predominant toxin in blooms) is
6.6 mg/kg b.w., it can be postulated that the human oral ARID is at or below
6.6 mg/kg b.w. (Loomis, 1968). With regard to the TDI, it is likely higher than the
ARID. This conclusion is based on data with animals where it was demonstrated that
a lethal i.p. dose broken into several smaller doses over a period of several hours was
not lethal (Baden and Mende, 1982).

No actual quantitative data exist that address the shellfish level of BTX that induces
human illness. The regulatory limit is presently set at 20 MUs per 100 g of shellfish
tissue (US FDA, 2001). According to Baden and Mende (1982), the i.p. LDs, for BTX
is approximately 4 pg per mouse (or 80 pg per 100 g of shellfish tissue). This is how
the regulatory limit is defined. The highest levels of BTX measured in Florida shellfish
approach 4 000 pg/100 g of shellfish or 4 mg/100 g (i.e. 500-fold above the regulatory
limit). It is important to note the following: although i.p. administration is not the
route by which humans are poisoned, the regulatory guidelines indicate that i.p. is the
route of choice for regulatory determinations. Therefore, assuming a 200 g meal size
of shellfish, for human regulatory dose, the limit is 160 pg/person orally (or using an
average 60 kg person, 2.7 pg/kg b.w.).

Specific data on the oral potency of any BTXs other than PbTx-2 and PbTx-3 are
not available, nor are there any data to evaluate the effects of the brevenal antagonist
in environmental mixtures. Furthermore, in order to ascribe specific potency limits
for humans, much more data need to be available on actual human intoxications. The
potency of tissue samples in ways other than by the oral route is of limited value in
determining potential human intoxication.

The present reviewers conclude that there is limited information available on the
mode of action of BTXs and its analogues, and the demonstration that BTXs and its
analogues can cause defined alterations of cell functioning in vitro, with particular
reference to low concentrations of BTXs. Therefore, there is a need for further
investigations into the mechanisms of action of BTXs and its analogues, and an
accurate assessment of long-term effects because of low-dose and/or repeated ingestion
of BTXs and its analogues in animal experiments. In particular, studies of the possible

! The Expert Consultation arrived at conclusions in accordance with the draft chapter. The Evaluation
Section of the present Background Document is similar to that of the draft chapter prepared for the
Expert Consultation.
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health effects of chronic low-level exposure are needed in humans and animals. With
the demonstrated toxicological loci of neuronal, pulmonary, enzymatic and DNA
damage, these studies need to be broad-based.
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1. BACKGROUND INFORMATION'

The cyclic imines group includes gymnodimine, spirolides, pinnatoxins, prorocentrolide
and spirocentrimine. The presence of this group of compounds in shellfish was
discovered because of their very high acute toxicity in mice upon i.p. injections of
lipophilic extracts. When present at elevated levels, they rapidly kill mice, and their
presence may interfere with the MBA for OA, BTXs, and AZA groups. At sublethal
doses, the mice recover rapidly. The toxic potential of the cyclic imines is much
lower via the oral route. The regulatory significance of the cyclic imine toxins is still
unclear. Although gymnodimine and spirolides are now known to commonly occur in
microalgae and/or bivalve molluscs from several parts of the world (Canada, Denmark,
New Zealand, Norway, Tunisia, the United Kingdom of Great Britain and Northern
Ireland, and the United States of America), there have been no reports of adverse
effects in humans.

2. BIOLOGICAL DATA IN MAMMALS

2.1 Biochemical aspects

2.1.1 Absorption, distribution, excretion and biotransformation

No information on the absorption, distribution and excretion of these materials
has been found. The very rapid onset of toxic signs recorded with these substances
after i.p. injection in acute toxicity studies (see below) suggests, however, that they
are rapidly absorbed from the peritoneal cavity. Furthermore, the rapid recovery
seen in animals following a sublethal dose of gymnodimine (Munday et al., 2004a),
desmethyl spirolide C (Richard ez al., 2001; Munday et al., 2004b) or prorocentrolide
(Hu et al., 1996b) suggests that these compounds are rapidly detoxified or excreted in
animals.

2.1.2 Effects on enzymes and other biochemical parameters

Spirolides do not affect kainate, a-amino-3-hydroxy-5-methyl-isoxazole-4-propionate
or N-methyl-D-aspartate (NMDA) receptors iz vitro. They do not inhibit protein
phosphatases and have no effect on voltage-dependent sodium channels. They are weak
activators of Type L calcium channels (Hu et al., 1995).

! Corresponds to the “Background Information” section of the Expert Consultation Report.
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2.2 Toxicological studies

2.2.1 Acute toxicity

Data on the acute toxicity of gymnodimine to mice are summarized in Table 1. Seki
et al. (1995, 1996) and Stewart et al. (1997) reported MLDs of gymnodimine by i.p.
injection of 450 and 700 pg/kg, respectively. A later study, using a fully characterized
pure sample of the toxin, gave an MLD of 100 pg/kg and an LDs,0f 96 pg/kg (Munday
et al., 2004a). In a study performed with extracts of naturally contaminated clams, Biré
(2004) found that the LD, of gymnodimine lay between 97 pg/kg, at which no deaths
were recorded, and 110 pg/kg, at which all the test mice died within a few minutes.
Gymnodimine was less toxic when administered orally by gavage, with an LDs; of
755 pg/kg. When given to fasted mice on a small piece of mousefood, it was even less
toxic, and no effects were observed at a dose of 7 500 pg/kg. Furthermore, the b.w.
gains of the mice fed gymnodimine over a subsequent three-week observation period
were similar to those of control mice, and no lesions or changes in organ weight were
recorded at necropsy (Munday et al., 2004a). No deaths or symptoms of toxicity were
recorded in mice given gymnodimine in extracts of naturally contaminated mussels at
up to 1225 pg/kg when administered by gavage (Biré, 2004).

TABLE 1

Acute toxicity of gymnodimine and gymnodamine to mice
Compound :g::i?\igzration Sex Parameter (pg;l\((:gu:)e():i(;leflie‘:iyght) References
Gymnodimine Intraperitoneal ? MLD 450 Seki et al., 1995, 1996
Gymnodimine  Intraperitoneal ? MLD 700 Stewart et al., 1997
Gymnodimine Intraperitoneal Female LDs, 96 (79-118)** Munday et al., 2004a
Gymnodimine Intraperitoneal Female LDs, Between 97 and 110  Biré, 2004
Gymnodamine Intraperitoneal ? MLD >4,040 Stewart et al., 1997
Gymnodimine Oral (gavage) Female LDs, 755 (600-945)** Munday et al., 2004a
Gymnodimine  Oral (gavage) Female MLD >1225 Biré, 2004
Gymnodimine Oral (feeding)* Female LDs, >7 500 Munday et al., 2004a

* A solution of pure gymnodimine was added to a small piece of dry mousefood, and fed to a mouse that had been
fasted overnight.
** Figures in brackets indicate 95 percent confidence limits.

The clinical signs of gymnodimine intoxication are highly characteristic. Immediately
after i.p. injection of lethal doses of gymnodimine, mice became hyperactive. After
one minute, however, movement became slower, and the animals walked with a rolling
gait. Soon after, the hind legs became paralysed and extended. The mice subsequently
became completely immobile and unresponsive to stimuli. Respiratory distress was
apparent, with marked abdominal breathing. The respiratory rate progressively
decreased, until respiration ceased altogether. Pronounced exophthalmia was observed
shortly before death, which invariably occurred within 15 minutes of injection.
No macroscopic abnormalities were recorded at necropsy. At toxic, but sublethal,
dose-levels, prostration and respiratory distress were recorded, but the mice recovered
within 30 minutes to an apparently normal state, and no adverse effects were
observed during the subsequent 21-day observation period. The symptoms of
intoxication observed after administration of gymnodimine to mice by gavage were
the same as those seen after injection, although the time to death was extended
(Munday et al., 2004a).

Histological examination of the spleen, liver, kidneys, thymus and brain of
mice receiving a sublethal dose of gymnodimine either orally (1 225 pg/kg) or
intraperitoneally (97 pg/kg) revealed no changes attributable to the test substance
(Biré, 2004).
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Reduction of the imine function, yielding gymnodamine, greatly decreased the acute
toxicity of gymnodimine. The reduced compound induced no observable toxic effects
when injected into mice at 4 040 pg/kg (Stewart et al., 1997).

The short-acting cholinesterase inhibitors, neostigmine and physostigmine, protected
mice against a lethal dose of gymnodimine (Munday et al., 2004a).

Data on the acute toxicity of the spirolides to mice are summarized in Table 2.
By i.p. injection, spirolides B and D are of similar toxic potential (Hu ez al., 1995).
In contrast, spirolides E and F, in which the cyclic imine moiety is destroyed, are
much less toxic (Hu er al., 1996a). The LDs, of a mixture of spirolides, containing
predominantly 13-desmethyl spirolide C, was found to be 40 pg/kg after i.p. injection
in mice (Richard et al., 2001). The toxicity of a pure sample of desmethyl spirolide C
was much higher, however, with an LDs; of only 6.5 pg/kg (Munday et al., 2004b).
Dihydrospirolide B, in which the imine moiety is reduced, showed no toxicity at
1 000 pg/kg (Hu et al., 1996a). The spirolides are less toxic by oral dosing than by
injection. The above-mentioned spirolide mixture had an LDy, 0of 1 000 pg/kg after
dosing by gavage (Richard er al., 2001), while pure desmethyl spirolide C gave an
LDsoof 157 pg/kg when administered by this technique. The latter compound was less
toxic when fed to mice. The animals were reluctant to eat dry mousefood containing
desmethyl spirolide C, but enough mice consumed the food within a reasonable period
of time (< 10 minutes) to establish an LDs,. This was 625 pg/kg (Munday ez al., 2004b).
Other feeding techniques were also employed in order to disguise the presence of
the test substance and thereby ensure its rapid consumption by the mice. Desmethyl
spirolide C was mixed into powdered mousefood (~ 150 mg) that was then made into
a paste by addition of water. This was rolled into a pellet and fed to a mouse that had
been fasted overnight. It was readily accepted, and gave a similar estimate of the LDs,
as that obtained with dry mousefood. Spirolide was also fed to fasted mice mixed with
a pellet (~ 300 mg) of cream cheese, again giving a similar estimate of the LDs,. Because
of the avidity of the mice for cream cheese, spirolide could also be fed in this matrix
to mice without the need for fasting. When given to fed mice, the LDs, of desmethyl
spirolide C (1 005 pg/kg) was almost twice that recorded in the fasted animals
(Munday et al., 2004b).

Gill et al. (2003) showed that mice given lethal doses of desmethyl spirolide C
became hunched and lethargic, with piloerection. They were uncoordinated in their
movements, and showed jerky locomotion. The hind limbs became splayed, and
lachrimation, exophthalmia and abdominal breathing were observed. Arching the tip
of the tail forward towards the head also occurred, with mouth breathing, followed
by respiratory arrest. Similar effects were recorded in a subsequent study, although in
these experiments tail arching was not a prominent feature of the intoxication (Munday
et al., 2004b). The symptoms of spirolide poisoning were the same whether the material
was given intraperitoneally or orally (Munday et al., 2004b). Mice receiving lethal doses
of spirolide died between 3 and 20 minutes after dosing (Richard er al., 2001). If the
animals survived for 20 minutes or longer, they recovered fully, and their subsequent
appearance and behaviour were normal (Richard ez al., 2001; Munday et al., 2004b).

No macroscopic changes were seen in mice after lethal doses of desmethyl
spirolide C (Pulido er al., 2001; Gill et al., 2003; Munday et al., 2004b). No histological
changes were recorded in the retina, skeletal muscle, peripheral nerves, heart, liver,
kidney, spleen, lungs, adrenals or gastrointestinal (GI) tract of mice receiving lethal
doses of desmethyl spirolide C. No histological changes were observed in the brains of
rats dosed with spirolide, but widespread neuronal damage was seen in mouse brains,
particularly in the brain stem and hippocampus (Pulido et al., 2001; Gill ez al., 2003).
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TABLE 2

Acute toxicity of spirolides to mice

Acute toxicity

Route of State of

Compound administration Sex alimentation  Parameter (pg/kg body References
weight)

Spirolide B Intraperitoneal ? ? LDgo 250 Hu et al., 1995
Spirolide D Intraperitoneal ? ? LDgo 250 Hu et al., 1995
Spirolide E Intraperitoneal ? ? MLD >1 000 Hu et al., 1996a
Spirolide F Intraperitoneal ? ? MLD >1 000 Hu et al., 1996a
Spirolide mixture* Intraperitoneal Female ? LDs, 40 Richard et al., 2001
Desmethyl Intraperitoneal  Female Fed LDs, 6.5 Munday et al., 2004b
spirolide C (5-8)**
Dihydrospirolide B Intraperitoneal ? ? MLD >1 000 Hu et al., 1996b
Spirolide mixture*  Oral (Gavage) Female ? LD, 1000 Richard et al., 2001
Desmethyl Oral (Gavage) Female Fed LD, 157 Munday et al., 2004b
spirolide C (123-198)**
Desmethyl Oral (Feeding, Female Fasted LD, 625 Munday et al., 2004b
spirolide C method 1)*** (547-829)**
Desmethyl Oral (Feeding, Female Fasted LD, 591 Munday et al., 2004b
spirolide C method 2)*** (500-625)**
Desmethyl Oral (Feeding, Female Fasted LD, 500 Munday et al., 2004b
spirolide C method 3)*** (381-707)**
Desmethyl Oral (Feeding, Female Fed LD, 1 005 Munday et al., 2004b
spirolide C method 3)*** (861-1 290)**

1. A solution of pure desmethyl spirolide C was added to a small piece of dry mousefood, and fed to a mouse that had been fasted

overnight.

2. A solution of pure desmethyl spirolide C was fed to mice mixed with a pellet of moist mousefood.
3. A solution of pure desmethyl spirolide C was fed to mice mixed with a pellet of cream cheese.

* Predominantly desmethyl spirolide C.

** Figures in brackets indicate 95 percent confidence limits.

*** Feeding methods (for details, see text).

Transcriptional analysis of animals dosed with desmethyl spirolide C showed major
changes in rat brain, but not in mouse brain. In the brain stem and cerebellum of
rats, there was an increase in the early-injury markers HSP-72 and c-jun, and certain
subtypes of muscarinic (mnAChR1, mAChR4 and mAChR5), and nicotinic (nAChRo2
and nAChRp4) acetylcholine receptors were upregulated (Gill et al., 2003). Other
markers, such as acetylcholinesterase and the glutamate receptors NMDAR1 and
kainate (KA2), were unchanged (Gill et al., 2003).

The time to death of animals given a mixture of spirolides was increased after
pretreatment with physostigmine (Richard ez al., 2001). Conversely, the time to death
was decreased when atropine or other acetylcholine antagonists were given before
administration of spirolide (Richard ez al., 2001).

Data on the acute toxicity of pinnatoxin derivatives to mice are summarized in
Table 3. The LDy of natural (+)-pinnatoxin A was reported as 180 pg/kg (Uemura
et al., 1995) and 135 pg/kg (McCauley et al., 1998) after i.p. injection. In contrast,
synthetic (-)-pinnatoxin A was without toxic effect at a dose of 5 000 pg/kg (McCauley
et al., 1998). Pinnatoxin D was less toxic than pinnatoxin A (Chou er al., 1996), but
a mixture of pinnatoxins B and C, which are stereoisomers, was much more toxic to
mice, with an LDy of only 22 pg/kg (Takada er al., 2001a). No information on the
symptoms of intoxication by the pinnatoxins or on the histology of animals dosed with
pinnatoxin derivatives has been found.
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TABLE 3

Acute toxicity of pinnatoxins to mice
Compound a d:?nl:::r::ion Sex  Parameter (ugﬁ(c;ti:&x‘i’::éht) References
(+)-Pinnatoxin A Intraperitoneal ? LDgg 180 Uemura et al., 1995
(+)-Pinnatoxin A Intraperitoneal ? LDgg 135 McCauley et al., 1998
(-)-Pinnatoxin A Intraperitoneal ? MLD >5 000 McCauley et al., 1998
Pinnatoxins B & C* Intraperitoneal ? LDgg 22 Takada et al., 2001b
Pinnatoxin D Intraperitoneal ? LDgo 400 Chou et al., 1996a

* 1:1 mixture of B & C. These compounds are stereoisomers.

Data on the acute toxicity of pteriatoxin derivatives to mice are summarized in
Table 4. The LDy of pteriatoxin A was 100 pg/kg when administered by 1.p. injection
to mice. A 1:1 mixture of pteriatoxins B and C was much more toxic, with an LDy, of
8 pg/kg (Takada et al., 2001b). No information on the symptoms of intoxication by
the pteriatoxins or on the histology of animals dosed with pteriatoxin derivatives has
been found.

TABLE 4
Acute toxicity of pteriatoxins to mice

Route of Acute toxicity

Compound administration Sex Parameter (ug/kg body weight) References
Pteriatoxin A Intraperitoneal ? LDgy 100 Takada et al., 2001a
Pteriatoxins B & C* Intraperitoneal ? LDy 8 Takada et al., 2001a

* 1:1 mixture of B & C. These compounds are stereoisomers.

No details of the acute toxicity of prorocentrolide are available. Torigoe et al. (1988)
reported that the “lethality” of this substance was 400 pg/kg in mice, although whether
this figure relates to the MLD or to a particular proportion of deaths in treated animals
was not stated. It is reported that prorocentrolide is a fast-acting toxin, with deaths
occurring within minutes of i.p. injection. At sublethal doses, the animals recovered
completely (Hu et al., 1996b). No information on the clinical signs or macroscopic
pathology associated with administration of this substance is available, and no
information on the histology of mice dosed with prorocentrolide has been found.

Spiro-procentrimine appears to be much less toxic than other cyclic imines.
Lu et al. (2001) reported an 1.p. LDy of 2 500 pg/kg in mice. No information on the
symptoms of intoxication with spiro-procentrimine has been found, nor has any
information on the histology of animals dosed with this substance.

2.2.2 Short-term toxicity
No data on the effects of short-term repeated dosing of gymnodimine, pinnatoxins,
pteriatoxins, prorocentrolide or spiro-prorocentrimine to animals have been found.

A small pilot study has been conducted in mice in order to assess the effect
of multiple sublethal injections of spirolide (Pulido ez al., 2004). 13-Desmethyl
spirolide C was dosed intraperitoneally to mice at 12.5, 25 and 35 pg/kg at 0, 7.5 and
21.5 hours. A lethal dose (75 pg/kg) was then given to each mouse at 25 hours. No
ill-effects were recorded following the initial, second or third dose of the test material,
except for one mouse that died 14 minutes after receiving the second dose of 35 pg/kg.
All the mice died within six minutes after the lethal dose. All animals were subjected to
macroscopic examination and samples of brain and internal organs were processed for
histology. No macroscopic or histological changes were observed in any of these mice
when compared with untreated controls.
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2.2.3 Long-term toxicity/carcinogenicity
No data on the possible long-term effects of any of the cyclic imines have been found.

2.2.4 Genotoxicity
No data on the possible genotoxicity of any of the cyclic imines have been found.

2.2.5 Reproductive toxicity.
No data on the possible reproductive effects of any of the cyclic imines have been
found.

2.2.6 Special studies

Effects in isolated cells in vitro

Gymnodimine did not lyse mouse erythrocytes or cause toxicity to NB41 or P388 cells
in vitro at a concentration of 5 pg/ml (Seki et al., 1996).

It was reported that prorocentrolide was toxic to LC-1210 cells in virro, with an
IC;, of 20 pg/ml but not to Aspergillus niger, Candida rugosa or Staphylococcus anreus
at a dose of 80 pg/disk (Torigoe ez al., 1988). No details of the conditions employed in
these experiments are available.

No information on iz vitro effects of pinnatoxin derivatives, pteriatoxin derivatives
or spiro-procentrimine has been found.

2.3 Observations in humans

Anecdotal reports from New Zealand indicate that no adverse effects are seen
in humans after consumption of shellfish contaminated with gymnodimine
(McKenzie et al., 1996; Munday et al., 2004a). To the authors’ knowledge, although
contamination of clams in Tunisia has been reported (Biré et al., 2002), no case
of poisoning has been shown to be associated with the presence of this substance
(R. Biré, personal communication). At this time, therefore, no specific syndrome can
be attributed to consumption of gymnodimine by humans.

Episodes of toxicity, involving rather non-specific symptoms such as gastric distress
and tachycardia, have been recorded in individuals in Nova Scotia consuming shellfish
during times when spirolides were known to be present. The spirolides have not,
however, been definitively linked to human illness (Richard ez al., 2001).

Pinnatoxins have been isolated from shellfish of the genus Pinna. Several outbreaks
of poisoning occurred in Japan between 1975 and 1991 among individuals consuming
Pinna pectinata (Chou, Kama and Uemura, 1996b) and toxicity from Pinna attenuata
was recorded in China in 1980 and 1989 (Uemura et al., 1995). The association
between toxicity of the shellfish and the presence of the pinnatoxins therein has not,
however, been established. Indeed, the poisoning incidents described by Uemura ez al.
are listed in documents from the Government of Japan as being caused by Vibrio sp.
(Otofuji er al., 1981). Solid evidence for human intoxication by pinnatoxin and its
analogues is required before these substances are included in a list of contaminants to
be monitored in the international trade.

No information on the possible involvement of pteriatoxins, prorocentrolide or
spiro-procentrimine in human intoxication has been found.

3. ANALYTICAL METHODS

3.1 In vivo assays

Mouse bioassay (MBA)

The AOAC MBA for PSP toxins (AOAC, 1990) does not detect cyclic imine toxins,
because they are not extracted with sufficient yields into acidic aqueous extracts. The
toxins are also not readily extracted from shellfish by diethyl ether, thus the APHA
(APHA, 1970) procedure for NSP toxins does not detect them either. However, cyclic
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imine toxins are detected by the mouse assay commonly used for lipophilic toxins
(Yasumoto, Oshima and Yamaguchi, 1978; Yasumoto et al., 1984). This is based on
an acetone or methanol extraction of shellfish HP, followed by a hexane wash and a
partition into dichloromethane or chloroform, evaporation, redissolution in a small
volume of 1 percent Tween 60, and then i.p. injection of the crude extract into mice.

The symptoms for spirolides are fairly representative of the group. These include
rapid deaths preceded by neurological symptoms (piloerection, abdominal muscle
spasms, hyperextensions of the back, and arching of the tail to the point of touching the
nose). They are very different from those associated with other known shellfish toxins,
such as those from the OA or STX groups. If a mouse survives past 20 minutes while
demonstrating symptoms, it will recover fully and quickly.

Gymnodimine has a reported LDs,0f 96 ng/kg (Munday et al., 2004a). Based on this
value and an 1.p. injection of 25 g whole tissue equivalent (5 g HP) into a 20 g mouse,
the MBA should therefore show an LDs,at 74 pg/kg whole tissue. For spirolides, early
reports assigned an LDy, for 1.p. in the mouse of approximately 40 pg/kg b.w. (Richard
et al., 2001), but this was prior to the availability of accurate, purified standards
and was probably closer to an LD,y. Recent work on a pure sample of desmethyl
spirolide C gave an LDy, of only 6.5 pg/kg (Munday et al., 2004b). Therefore,
MBA should show an LDy, at 5 pg/kg whole tissue and an LD,y at approximately
20-25 pg/kg whole tissue.

No validation studies of the MBA method for these toxins have been carried out.

3.2 In vitro assays
None to date.

3.3 Biochemical assays
None to date.

3.4 Chemical assays

Liquid chromatography-mass spectrometry (LC-MS)

Several publications have reported LC-MS methods for gymnodimine
and spirolides (Cembella, Lewis and Quilliam, 1999; MacKenzie et al., 2002;
Quilliam et al., 2001; Stirling, 2001). These methods are based on reversed-phase LC
coupled with electrospray ionization MS used in either the selected ion or selected
reaction monitoring modes (SIM, SRM).

Shellfish tissues can be extracted with good yield using 70-90 percent aqueous
methanol. The crude extract can be cleaned with a hexane wash. Direct analysis of the
aqueous methanol phase is possible, or it may be further extracted with a chloroform
or dichloromethane partition. Alternatively, a SPE procedure can be used. Detection
limits vary with sample preparation procedures and detection method (SIM or SRM),
but can be as low as 0.1 pg/kg whole tissue.

An interlaboratory study of an LC-MS method for determination of various
lipophilic toxins in shellfish was carried out (Holland and McNabb, 2003).
Gymnodimine was one of the analytes included. The eight participating laboratories
generally obtained consistent sets of datafor the broad group of toxins down tolow levels.
The method could reliably detect gymnodimine (from 0.03 to 3 ng/ml, equivalent to
0.03 to 3 pg/kg).

The LC-MS methods need to be evaluated with a full collaborative study before
they will be sufficient to meet Codex requirements for a quantitative method to
enforce Codex standards. The LC-MS approach continues to evolve and improve for
quantification of marine biotoxins and is increasingly being employed in developed
countries for marine biotoxin analyses.
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3.5 Reference materials
Calibration solution CRMs are available for gymnodimine and one spirolide,

13-desmethyl-spirolide C, from the NRC-CRMP (Halifax, Canada).

4, FOOD CONSUMPTION/DIETARY INTAKE ESTIMATES

The spirolide content of mussels has been estimated at ~ 2 mg/kg of edible tissue
(M. Quilliam et al., personal communication). A typical meal is considered to be
~ 200 g of edible tissue, so that the potential exposure dose is 0.4 mg/person, which
equates to a dose of 8 pg/kg for a 50-kg individual.

5. DOSE RESPONSE ANALYSIS AND ESTIMATION OF CARCINOGENIC RISK
Data are available, with a greater or lesser degree of detail, on the acute toxicity
of gymnodimine, spirolides, pinnatoxins, pteriatoxins, prorocentrolide and spiro-
procentrimine in mice. No data are available on the symptoms of intoxication by
the pinnatoxins or spiro-procentrimine, but all the other cyclic imines are fast-acting
toxins, with death occurring in a matter of minutes after administration of lethal doses.
These materials must therefore be rapidly absorbed from the peritoneum after injection
and from the gut after oral administration. Equally, they must be rapidly excreted
or detoxified, because although animals may show severe toxic effects when given
sublethal doses of the toxins, they recover quickly and completely (Hu et al., 1996b;
Richard et al., 2001; Munday ez al., 2004a). For those compounds for which data are
available, the symptoms of intoxication are remarkably similar, with death following
respiratory arrest (Pulido et al., 2001; Gill ez al., 2003; Munday et al., 2004a).

However, most of the acute toxicity studies on the cyclic imines have involved
1.p. injection of the test materials. In risk assessment, the route of administration to
experimental animals should be the same as that for the individuals at risk (Perera,
Brennan and Fouts, 1989). Shellfish contaminated with cyclic imines are eaten by
humans, and oral data from animal experiments are therefore much more valuable
in assessing possible harmful effects to consumers. When administered by gavage,
gymnodimine was ~ 8 times less toxic, and desmethyl spirolide C ~ 24 times less toxic
than when injected (Munday et al., 2004a, 2004b). Furthermore, there is evidence that
gavage gives an artefactually high estimate of the acute toxicity of rapidly absorbed
and fast-acting toxins. In experiments with gymnodimine, it was noted that animals
died within a short time after gavage. This was rather surprising because the material
is delivered into the stomach, and few materials are readily absorbed from the stomach
of rodents. It was considered possible that, because of the semi-solid nature of mouse
stomach contents, material given by gavage could flow around the mass of food and
rapidly enter the duodenum, where rapid absorption is to be expected. This was
confirmed by administering a dye by gavage. The dye did not readily penetrate the
stomach contents and was visible in the duodenum within two minutes of dosing. It
was shown, however, that dye fed to mice in a small piece of mousefood became evenly
distributed within the whole mass of stomach contents. In this situation, material
will pass from the stomach to the duodenum relatively slowly. The acute toxicities of
gymnodimine and desmethyl spirolide after voluntary intake by feeding to mice were,
respectively, > 10 and 3-6 times lower than that following gavage (Munday ez /., 2004a,
2004b). Furthermore, as shown with desmethyl spirolide C, the state of alimentation of
the animals is of crucial importance, with fed mice being less susceptible than animals
that had been fasted overnight (Munday et al., 2004b). Because shellfish are generally
consumed as part of a meal, it may be argued that experiments using fed mice are more
relevant to the human situation.

The imine function of cyclic imines is of paramount importance for their toxicity.
When the imine group is reduced, as in gymnodamine and dihydrospirolide B, or



Assessment of the risk of biotoxins in bivalve molluscs: cyclic imines

107

destroyed by ring-opening, as in spirolides E and F, the toxicity is greatly decreased
(Stewart et al., 1997; Hu et al., 1996a). Indeed, there are no data on the acute toxicity
of the latter substances, with no effects being reported at the highest dose-levels
employed (4 040 or 1 000 pg/kg). In the case of spirolides A and B, but not C and
D, ring-opening of the imine ring is mediated by acid (Hu ez al., 2001), and shellfish
metabolize spirolides A and B to the ring-opened products (Hu ez al., 1996a). The
metabolism of spirolides within a living organism suggests that the ring-opening may
be enzymatically mediated, and Hu ez al. (2001) suggested that the lability of the imine
ring to acid or to enzymatic hydrolysis could be important for the toxicity of spirolides
in humans. This is an important point, and illustrates another problem with the use
of the mouse for risk analysis of compounds of this type. The pH of the contents of
the human stomach is maintained at 1-3 whereas the pH of mouse stomach contents
is 3-5 (Ilett et al., 1990). It is possible, therefore, that certain spirolides could be
destroyed in the human stomach but not in that of the mouse.

The data on pinnatoxins and pteriatoxins permit some comment on
structure-activity relationships among these substances. Pinnatoxins A-C and
pteriatoxins A—C differ only in the nature of the substituent at position 33. In both,
compounds B and C are stereoisomers. Pinnatoxin A, which has a carboxyl group at
C-33, is ~ 14 times less toxic than a mixture of pinnatoxins B and C, which have a
glycine residue at this site. The reason for this marked effect of aminoacid substitution
at C-33 is not known. The situation with the pteriatoxins is even more remarkable.
These compounds may be considered as derivatives of 3-(2-hydroxyethylthio)-
2-aminopropanoic acid, HOCH,CH,SCH,CH(NH,)COOH, in which the
macrocycle is substituted in the hydroxyethylthio chain. The only difference between
pteriatoxin A and pteriatoxins B and C is that in the former the macrocycle is attached
at the 2-position of the hydroxyethylthio moiety and in the latter it is attached at the
1-position. Yet pteriatoxins B and C are 12.5 times more toxic than pteriatoxin A
(Takada et al., 2001a). Again, no explanation can currently be offered for this difference.

No deaths were observed in mice given twice the LDs, of gymnodimine after
pretreatment of the animals with physostigmine or neostigmine. Under these
conditions, control animals died within a few minutes (Munday et al., 2004b).
Similarly, physostigmine increased the time to death of animals given a lethal dose
of spirolide (Richard er al., 2001). Physostigmine and neostigmine are short-acting
acetylcholine inhibitors, which increase acetylcholine concentrations in the synaptic
cleft of nicotinic receptors, thereby competitively inhibiting binding of foreign
compounds to the receptor. The results of Gill et al. (2003), showing upregulation
of both muscarinic and nicotinic acetylcholine receptors in mice given lethal doses
of desmethyl spirolide C are also consistent with a mechanism of toxicity involving
acetylcholinergic receptors. These receptors are widely distributed in tissues, and are
involved in CNS, autonomic ganglia and neuromuscular transmission. It is feasible,
therefore, that these compounds act at multiple sites. The work of Gill et al. (2003)
suggests a central toxic effect, although other factors and mechanisms cannot be
ruled out. Interestingly, the symptoms of intoxication by the cyclic imines are very
similar to those of tubocurarine, a known neuromuscular-blocking agent, suggesting
that the neuromuscular junction may be a site of action for this group of compounds
(Munday et al., 2004a). At present, there is limited information on the specific sites and
mechanisms of action of the cyclic imines, and further work in this area is required.
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6. EVALUATION?

There is no conclusive evidence that the cyclic imines have adverse effects on human
health. There is no doubt that some of these substances are exceptionally acutely toxic
to mice by i.p. injection, but their oral toxicity is much lower.

By feeding, the LDy, of gymnodimine in mice was > 7 500 pg/kg. Applying a
100-fold safety factor, a dose of 75 pg/kg b.w. may well be without acute toxic effect in
humans. For a 50-kg human, this would translate to a dose of 3.75 mg. If it is assumed
that the intake of shellfish for an adult is 200 g, a level of 1.88 mg gymnodimine per
100 g edible material of shellfish is unlikely to cause harm.

For desmethyl spirolide C, the LDs, by feeding was between 500 and 1 005 pg/kg,
depending on the state of alimentation of the animal. Taking the latter value as the
most relevant to the human situation, and applying a 100-fold safety factor, a dose of
10 pg/kg b.w. would be unlikely to cause acute effects in humans. The latter would
equate to a dose of 0.5 mg for a 50-kg human. This is above the estimated intake of
spirolides from mussels (0.4 mg/person), and, again, if an intake of shellfish of 200 g is
assumed, a level of spirolide of 0.25 mg/100 g edible matter is unlikely to cause harm.

In view of the possibility that cyclic imines may be degraded enzymatically or by
acid, a study of their stability under the conditions pertaining to the human stomach
would be of interest, together with examination of the possibility of their destruction
by the gut flora or enzymes of the intestinal lumen. A study of the absorption,
distribution and metabolism of these substances, taking into account the physiological
differences between rodents and humans, would also be of great value in their risk
assessment.

Very little information on the toxicity of cyclic imines after repeated exposure
is presently available, and nothing is known of species, sex or age differences with
regard to susceptibility to these compounds. No information is available on their
possible carcinogenicity, reproductive toxicity or genotoxicity. Such data are required
for an accurate analysis of the risk of cyclic imines to human health and to assess the
possibility that certain subpopulations of humans could be particularly vulnerable to
the toxic effects of these substances.

Very few methods are available for cyclic imines determination. The lipophilic
MBA (semi-quantitative) and an LC-MS method (quantitative) are the only two
that have been used and neither has been validated for routine analysis in regulatory
environments. However, both these methods appear suitable for routine growing and
harvest area monitoring.
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1. BACKGROUND INFORMATION'

Domoic acid (DA) was identified as the toxin responsible for an outbreak of illness in
Canada in 1987, caused by eating blue mussels that had accumulated DA as a result of
the presence of Pseudo-nitzschia pungens. Effects on both the gastrointestinal (GI) tract
and the nervous system were observed. Because some of those affected experienced
memory loss, the syndrome was named amnesic shellfish poisoning (ASP). As a result
of the episode of human illness in Canada, a regulatory level of 20 mg DA/kg of
shellfish meat was established, and no further incidences of ASP have been reported.
The presence of DA in shellfish has been reported in various regions of the world.
There have been numerous reports of toxicity in a variety of wildlife species indicating
that DA moves up the food chain in marine ecosystems. Routine monitoring using
LC-UV is well established in most monitoring programmes and has adequate detection
limits to regulate DA at current limits. More rapid techniques such as ELISA would
be useful. The recent finding of significant amounts of certain naturally occurring
DA isomers requires an investigation of their toxicological significance for potential
inclusion in monitoring.

2. ORIGINS AND CHEMICAL DATA OF SHELLFISH

Domoic acid is an excitatory amino acid that was identified as the toxin responsible
for an outbreak of ASP that occurred in Canada in 1987 following consumption of
contaminated blue mussels (Myrilus edulis).

Domoic acid is a tricarboxylic produced by certain marine organisms, the best
characterized of which are the red alga Chondria armata and the planktonic diatom
Pseundo-nitzschia multiseries (formerly known as Nitzschia pungens f. multiseries),
although other species are also known to produce DA (for review see Bates,
Garrison and Horner, 1998). Chemically, DA is (2S,35,4S)-2-carboxy-4-1-methyl-
5(R)-carboxyl-1(Z)-3(E)-hexadienyl pyrrolidine-3-acetic acid (C;;H,NO,) and has
an anhydrous molecular weight of 311.14. Structurally, DA is very similar to another
known toxin, kainic acid (KA), and both are analogues of the amino acids glutamate
and proline.

Extracts of C. armata containing DA have been used traditionally as antihelminthic
agents (Takemoto and Daigo, 1960) and the compound is a potent insecticide (Maeda
et al., 1984). Domoic acid was shown in the 1970s to have potent excitatory properties
in the mammalian CNS (Biscoe et al., 1975, 1976) and is generally regarded as a
selective agonist at the kainate subclass of non-NMDA ionotropic glutamate receptors
(Monaghan, Bridges and Cotman, 1989).

In addition to being the causative agent of ASP in Canada, there are also documented
cases of DA intoxications in wild animals and outbreaks of costal water contamination

! Corresponds to the “Background Information” section of the Expert Consultation Report.
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in many world regions (Mos, 2001; Vale and Sampayo, 2001; Hess er al., 2001;
Amzil et al., 2001; Work et al., 1993a, 1993b; Wekell et al., 1994; Scholin et al., 2000;
Walz et al., 1994; Lefebvre et al., 1999, 2002; Sierra-Beltran et al., 1997). Hence, DA
continues to pose a global risk to the health and safety of humans and wildlife.

3. BIOLOGICAL DATA

3.1 Biochemical aspects

3.1.1 Absorption, distribution and excretion

3.1.1.1 Oral absorption

Although consumption of contaminated food products is the primary route of DA
intoxication, there have been very few objective studies on the absorption of this toxin
following oral administration. Based on these limited observations, it appears that DA
absorption from the GI tract is erratic and bioavailability is approximately 10 percent.

Two publications by Iverson et al. (1989, 1990) reported on the relative toxicity of
DA following oral or i.p. administration in mice. These authors used both extracts
of contaminated mussels and purified DA, obtaining similar results with each. Using
scratching behaviour, seizures and death as the criteria for DA toxicity, they reported
consistently reproducible toxicity following i.p. administration of doses from 2.0 to
9.5 mg/kg but variable toxicity following oral administration of doses ranging from
35 to 104 mg/kg. For example, scapular scratching was observed in several animals
receiving 35 mg/kg p.o., but five of seven animals receiving 80 mg/kg p.o. showed
no observable toxicity. The authors concluded that oral doses approximately tenfold
those of parenteral routes of administration are required for toxicity but that other
unidentified factors also contribute to oral bioavailability.

The same publications (Iverson et al., 1989, 1990) also report on oral and i.p.
administration of DA in rats. Toxicity was observed following i.p. administration at
doses comparable with those reported for mice (2.0-8.0 mg/kg), but much higher doses
(80-82 mg/kg) were required to produce seizures following oral administration.

Similar findings were reported by Truelove et al. (1996) following repetitive oral
dosing with DA in rats. These authors reported no changes in behaviour, clinical
chemistry or histopathology in rats dosed orally with 0.1 mg/kg per day (equivalent to
a 50-kg human consuming 250 g of shellfish containing 20 ppm DA each day) and only
minor histopathological changes in the brains of rats dosed with 5.0 mg/kg per day.

Iverson er al. (1990) also reported observing fine motor tremors in one cynomolgus
monkey dosed 12 hours previously with 5.0 mg/kg DA p.o. but no effect in another
monkey dosed at 0.5 mg/kg p.o.

Another early study by Tryphonas er al. (1990a) reported on observations of five
cynomolgus monkeys receiving oral doses of toxic mussel extract containing DA
in concentrations ranging from 5.21 to 6.62 mg/kg, which were then observed for
17-44 days. These authors reported GI disturbance but inconclusive CNS toxicity
in these animals. In this study, one monkey was also given monosodium glutamate
(MSG) orally and one received DMSO orally to see if either compound facilitated
oral absorption, but both were without apparent effect. In a companion experiment
reported in the same paper (Tryphonas ez al., 1990a) four monkey were dosed orally
with purified DA at doses of 0.0, 0.5, 5.0 and 10.0 mg/kg. Nausea and vomiting
were observed with 0.5-1 hour of dosing with 10.0 and 5.0 mg/kg respectively, but
“histopathological changes in orally treated monkeys were minimal, equivocal or
non-existent”.

Finally, a 30-day oral toxicity study in monkeys (Truelove et al., 1996) administered
DA orally to three cynomolgus monkeys at a dosage of 0.5 mg/kg per day for 15 days
and then at 0.75 mg/kg per day for 15 days. These authors reported that 4-7 percent of
the orally administered dose was absorbed in these animals.
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3.1.1.2 Distribution
Only three studies have systematically investigated the distribution kinetics of DA.

A study by Suzuki and Hierlihy (1993) administered doses of 0.5 ng/kg, 0.5 mg/kg
or 2.0 mg/kg DA via i.v. catheter and collected blood and urine samples over the next
130 minutes. They reported that DA distribution was limited largely to the vascular
compartment and interpolated an apparent steady-state volume of distribution (Vd)
ranging from 0.24 to 0.27 litres/kg.

Similar results were reported by Truelove and Iverson (1994) in which small groups
of rats were given either 0.5 (n=2) or 1.0 (n=4) mg/kg DA i.v. These authors reported
Vd,, values ranging from 0.16 to 0.36 litres/kg with a mean of 0.23 litres/kg. In the
same paper, a dose of 0.050 mg/kg i.v. was administered to each of four cynomolgus
monkeys and a mean Vd of 0.16 litres/kg was obtained (Truelove and Iverson, 1994).

Preston and Hynie (1991) used injection of radiolabelled DA in a group of ten
adult rats to estimate BBB transfer constants relative to labelled sucrose, which is
largely impermeable. They sampled in seven brain regions (frontal cortex, occipital
cortex, striatum, hippocampus, diencephalons, cerebellum and pons-medulla) over
30 minutes. Results indicated poor BBB penetration, with mean transfer constants
ranging from 1.60 to 1.82 ml/g/sec x 10°(sucrose constants ranged from 1.00 to 1.24).
These data argue against the existence of a carrier protein and suggest that the highly
charged state of DA at physiological pH results in poor CNS penetration kinetics.
Interestingly, however, in a subgroup (N=4) of rats that underwent nephrectomy
surgery prior to DA administration, regional brain concentrations were increased by
50-120 percent, largely because of elevated plasma concentrations and reduced clearance
(Preston and Hynie, 1991). These data were accurately modelled using physiologically
based pharmacokinetic calculations (Kim ez al., 1998) and are consistent with the
epidemiology of ASP toxicity in humans (Perl et al., 1990a, 1990b, 1990c).

3.1.1.3 Excretion
The excretion kinetics for DA have been investigated in rats (three studies) and
monkeys (one study) with similar results.

Preston and Hynie (1991) reported that a single i.v. dose of radiolabelled DA
was almost completely eliminated from the serum of intact rats within 30 minutes.
However, nephrectomy resulted in a significantly reduced clearance, such that
detectable serum concentrations were still present at 60 minutes postinjection (the last
time point studied).

In a more robust study of renal pharmacokinetics, Suzuki and Hierlihy (1993)
reported that serum clearance of DA was almost entirely because of renal excretion
with similar kinetics over a wide range of dosages (0.5 ng/kg —2.0 mg/kg i.v.). Analysis
of serum concentration over time curves produced elimination rate constants (k) of
0.025-0.035 min™' (equivalent to an elimination half-life of approximately 13 minutes).
These authors also reported total body clearance values of 7.75-10.82 ml/min per
kilogram and renal clearance values ranging from 8.80 to 12.20 ml/min per kilogram.
Renal excretion in this study appeared to be mainly by glomerular filtration because
kinetics were not altered by the presence of probenecid.

Truelove and Iverson (1994) confirmed that elimination is largely by renal
excretion and generated similar values in adult rats. Their data indicated a mean serum
terminal half-life of 21 minutes and a total body clearance value of 7.8 ml/min per
kilogram. These values translate to a mean residence time of about 30 minutes in rats.
Interestingly, however, these authors made similar calculations based on serum data
in four monkeys and found considerably longer elimination half-lives in this species
(mean = 114.5 min) because of reduced clearance (mean = 1.25 ml/min per kilogram)
at a dose of 0.050 mg/kg i.v.
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3.1.2 Biotransformation
There are no published data indicating that DA undergoes biotransformation in any
species studied to date.

3.1.3 Effects on enzymes and other biochemical parameters
The only literature on the effects of DA on biochemical markers derives from a few
isolated studies.

A report by Bose et al. (1992) showed that single injections of 1.0, 1.5 or
2.0 mg/kg DA in male mice reduced indicators of brain lipid peroxidation activity, and
both the highest acute dose (2.0 mg/kg) or three daily injections of 1.5 mg/kg resulted
in increased activity of superoxide dismutase.

Similarly, Appel ez al. (1997) reported that both subconvulsive and convulsive doses
of DA resulted in decreased regional incorporation of long-chain fatty acids in the
brains of rats when measured 6-8 days later. The authors concluded that DA causes
chronic effects on brain function as manifested by altered fatty acid metabolism and
gliosis.

An isolated report by Nijjar and Grimmelt (1994) provided evidence of altered
adenylate cyclase activity in rat brain homogenates exposed to DA.

Effects on brain neurotransmitter systems and/or precursors were investigated
in three Spanish studies. A 1995 report by Arias er al. using rats demonstrated
that acute injections of either 0.5 or 1.0 mg/kg result in significant reductions of
5-hydroxytryptamine (5-HT) (serotonin) content in the hypothalamus but not in
midbrain or brainstem regions, although the major 5-HT metabolite, 5-HIAA, was
significantly reduced in both the hypothalamus and the brainstem. In another paper
(Durian et al., 1995), the same group reported DA-induced changes in brain amino
acid content related to neurotransmission. Rats receiving 0.2 mg/kg i.p. DA had
significantly increased content of gamma-aminobutyric acid (GABA) and aspartic acid
in the hippocampus, amygdala, cortex and midbrain without accompanying changes
in glutamate, glycine, taurine or alanine concentrations. Amino acid concentrations in
hypothalamus and striatum were unaffected in this study. Most recently, this research
group used 7 vivo microdialysis to demonstrate DA-induced dopamine release in the
striatum of rats (Alfonso et al., 2003).

The effect of acute doses of DA on endocrine function was investigated by Arufe ez
al. (1995) and Alfonso, Duran and Arufe (2000) in the rat. Injections of both 0.5 and
1.0 mg/kg DA (i.p.) resulted in a temporary increase and subsequent significant
reduction in circulating serum T4 concentrations (Arufe e al., 1995) and the higher
dose (1.0 mg/kg) caused an eightfold increase in circulating thyroid-stimulating
hormone (TSH) 60 minutes postinjection (Alfonso, Duran and Arufe, 2000).

3.2 Toxicological studies

3.2.1 Acute toxicity

Available data on the acute toxicity of DA in mice, rats and non-human primates are
summarized in Table 1 and discussed below.

3.2.1.1 Acute toxicity in mice

The vast majority of the acute toxicity studies on DA/ASP have been conducted on
mice. Consequently, a detailed account of each is beyond the scope of this section, but
summary notes on each of these articles are provided in Table 1. There are, however,
several general points that should be emphasized.
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The majority of the early toxicity studies in mice were conducted shortly following
reports of human intoxication in 1987. As a result, most of these investigators did
not have access to purified DA and/or the precise nature of the toxin(s) causing ASP
was unknown. For these reasons toxicity data are derived largely from i.p. injections
of crude homogenates of toxic mussels (Wright ez al., 1990) or of toxin-containing
methanol/water extracts of whole mussels (WMX) (Iverson et al., 1989, 1990;
Grimmelt ez al., 1990; Bose, Pinsky and Glavin, 1990; Glavin, Pinsky and Bose, 1990;
Tasker, Connelland Strain, 1990, 1991; Strain and Tasker, 1991) or mussel hepatopancreas
extract (MHX) (Bose, Pinsky and Glavin, 1990; Glavin, Pinsky and Bose, 1990).
Variability in sample preparation probably accounts for some of the variability in
dose-response data in these papers. In addition, Novelli et al. (1992) reported that
DA toxicity in mussel extracts could be altered by the presence of other amino acids,
implying that even identically prepared extracts could have small differences in toxicity
if different batches of shellfish are used. This is consistent with detailed dose-response
data compiled by Tasker, Connell and Strain (1991) in which these authors reported
differences in the dose response curves (DRCs) generated using DA from extracts of
toxic mussels (concentrations confirmed by HPLC) and extracts of “clean” mussels
that were “spiked” with known concentrations of purified DA.

Another feature worth noting are variations in the sex and strain of mice. Acute
toxicity studies to date have used either exclusively male, exclusively female, or both
male and female mice. Comparisons of the data obtained indicate quite consistently
that there is no appreciable sex difference in DA toxicity in mice. There are, however,
differences of opinion on whether different mouse strains respond differently to
DA. Comparisons between studies suggest that there are no major differences in
toxicity between studies that used Swiss-Webster, CD-1 or CF-1 strains. However,
the only report to specifically compare between mouse strains concluded that the
DBA strain of mouse is significantly more sensitive to DA toxicity that are ICR mice
(Peng et al., 1997).

3.2.1.2 Acute toxicity in rats
As reviewed by Jetfery er al. (2004), most acute toxicity studies have been conducted
in young adult rats and have focused on the CNS effects (Iverson et al., 1989,
1990; Tryphonas er al., 1990a, 1990b, 1990c; Sobotka et al., 1996; Ananth er
al., 2001, 2003; Ananth, Gopalakrishnakone and Kaur, 2003a, 2003b; Appel,
Rapoport and O’Callaghan, 1997; Appel et al., 1997; Nakajima and Potvin, 1992;
Chiamulera ez al., 1992; Stewart et al., 1990). Despite the differences in experimental
design, there is consistency in the features of acute DA toxicity (Table 1). The early
rat studies provided an initial confirmation of the syndrome described in association
with ingestion of mussels contaminated with DA (Table 1 and Section 3.2.6.1.).
Single i.p., i.v., s.c. and oral studies in rats show that DA induces dose-dependent
neurotoxicity (Tryphonas and Iverson, 1990; Tryphonas et al., 1990 a, 1990b, 1990c;
Stewart et al., 1990). Data indicate that DA causes a characteristic syndrome with
clinical neurobehavioural signs and brain histopathology (Section 3.2.6.1.1.) similar to
those reported for KA (Schwob ez al., 1980; Stewart et al., 1990). Several publications
discuss and compare the features of toxicity associated with these compounds and
describe it as consistent with excitotoxicity (Tryphonas et al., 1990b; Tryphonas and
Iverson, 1990; Stewart et al., 1990; Pulido er al., 2000). DA neurotoxicity is reported
to be approximately 5-8 times greater than KA (Stewart et al., 1990) in rats, which is
consistent with results obtained in mice (Tasker, Connell and Strain, 1991) (Table 1).
In a study (Tryphonas et al, 1990a) with 17 female Sprague-Dawley adult rats,
weighing 180 g + 15 g, the animals were dosed once i.p. with 0, 1, 2, 4 or 7.5 mg
DA/kg of b.w. and observed for a maximum period of 24 hours. Clinically, control rats
and rats in the 1 mg/kg group were unremarkable. Seventy-five percent of the animals
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in the 2 mg/kg group had equivocal transient behavioural signs. One animal that was
given 2 mg/kg and all rats given 4 mg/kg of b.w. or higher doses developed unequivocal
behavioural and neurological signs culminating in partial seizures and status epilepticus.
Severely affected rats developed selective encephalopathy (Section 3.2.6.1.1).

Adult (12-14 weeks old) Sprague-Dawley rats treated i.p. with DA at 0, 0.22, 0.65 or
1.32 mg/kg b.w. were tested for passive avoidance, auditory startle or conditioned
avoidance behaviours. Animals were divided in groups (I-III) with 12, 11 and
16 rats in each group (Sobotka er al., 1996). Clinical signs were observed only with
the higher dose, appearing within 24 hours of dosing. The rats exhibited transient
decreases in b.w. and exaggerated auditory startle responding. The other end-points
were not affected. Examination of brains revealed a subset of animals receiving
1.32 mg/kg DA with degenerating neurons in the hippocampal CA1/CA3 subregions
and gliosis. The decreased b.w. and increased startle suggest a hyper-reactivity
syndrome possibly related to neuronal degeneration in the hippocampus (Sobotka et
al., 1996). In a separate experiment, DA at an i.p. dose of 0.93 mg/kg b.w. was found
to produce hypomotility in addition to a decrease in b.w. (Sobotka er al., 1996).
These authors also report that pretreatment with scopolamine (2 mg/kg) reduced the
DA-induced effects, suggesting a possible cholinergic involvement.

Domoic acid, given ip. at 2.25 mg/kg b.w., was given to male Fisher rats
(Appel, Rapoport and O’Callaghan, 1997; Appel et al., 1997). This dose caused
stereotyped behaviour and convulsions in approximately 60 percent of rats. Six to
eight days after DA or vehicle administration, they measured the regional brain
incorporation of the long-chain fatty acids [1-(14)Clarachidonic acid ([14C]AA)
and [9,10-(3)H]palmitic acid ([3H]PA), and the regional cerebral glucose utilization
(rCMRglc) using 2-[1-(14)C]deoxy-D-glucose, by quantitative autoradiography.
In other rats, they measured brain glial fibrillary acidic protein (GFAP) by ELISA.
Domoic acid increased glial fibrillary acidic protein (GFAP) in the anterior portion of
cerebral cortex, the caudate putamen and thalamus compared with vehicle. However,
in rats that convulsed after DA, GFAP was significantly increased throughout the
cerebral cortex, as well as in the hippocampus, septum, caudate putamen and thalamus.
In the absence of convulsions, DA decreased relative [14C]AA incorporation in the
claustrum and pyramidal cell layer of the hippocampus compared with vehicle-injected
controls. In the presence of convulsions, relative [14C]AA incorporation was decreased
in hippocampal regions CA1 and CA2. Uptake of [3H]PA into brain was unaffected.
Relative rCMRglc decreased in entorhinal cortex following DA administration with
or without convulsions. These results suggest that acute DA exposure affects discrete
brain circuits by inducing convulsions, and that DA-induced convulsions cause chronic
effects on brain function that are reflected in altered fatty acid metabolism and gliosis
(Appel, Rapoport and O’Callaghan, 1997; Appel et al., 1997).

Nakajima and Potvin (1992) examined the acute electroencephalographic and
behavioural effects of DA in 38 Long Evans rats. Injection of DA (0.5-1.0 mg/kg b.w.
intravenously, or 0.04-0.08 microgram intraventricularly) caused seizure discharges in
the hippocampus, tonic-clonic convulsions and death within a few days. Convulsions
and ensuing death were prevented by diazepam. Animals pretreated with diazepam
(5 mg/kg, i.p.) tolerated an intraventricular dose of 0.4 micrograms DA, but showed
a loss of pyramidal neurons mainly in the CA3, CA4 and a part of CA1 areas of the
dorsal hippocampus. Learning of a radial arm maze task was severely impaired in
naive rats after intraventricular injection of DA (and diazepam, i.p.). In the animals
previously trained on the maze task, DA interfered with relearning of the same task.
In parallel to the findings observed in humans (Section 3.4.2), rat toxicological studies
describe a neurological clinical and electrophysiological profile consistent with a
DA-induced epileptogenic effect (Section 3.2.6.1.3).
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Adult Sprague-Dawley rats weighing 350-450 g received an s.c. injection of
DA at one of the three doses (3.0 mg/kg n=3; 2.5 mg/kg n=3; 0.6 mg/kg n=1)
(Stewart er al., 1990). In this study, the controls were the investigators’ own
laboratory historical controls. Following injection, rats were quiet and generally
hypoactive for the first 30-60 minutes. Thereafter, animals treated with higher doses
(3 and 2.5 mg/kg b.w.) began displaying repetitive head scratching, wet dog shakes,
ataxia and clonic seizure activity up to status epilepticus (continuous seizure activity).
The frequency and intensity of the head scratching progressively increased. The
authors describe this behaviour as characteristic of DA toxicity and different from KA.
The animal that received the low dose (0.6 mg/kg b.w.) remained relatively hypoactive
for several hours postinjection, but did not show any of the neurobehavioural signs.
Animals were allowed to remain in status epilepticus for 60-150 minutes, after which
they were sacrificed and the brains prepared for light and electron microscopy. The
severity of the histopathology correlated with the length of time in status epilepticus.
The histomorphology is described as consistent with excitotoxicity (Section 3.2.6.1.1).

The acute oral toxicity of DA was tested in ten Sprague-Dawley rats weighing
180 + 3.5 g (Tryphonas et al., 1990c). Rats were dosed once by gavage with the mussel
extract dissolved in water at the dose (DA equivalent) of 0 (control, n=4), 60 (n=1),
70 (n=1) or 80 (n=4) mg/kg b.w. DA-treated rats showed withdrawal followed by
hyperexcitation and death (in one case). Time of onset of signs varied from 14 to
45 minutes in the high dose (80 mg/kg b.w.) and 45 minutes in the lower dose
(60 mg/kg b.w.). Clinical signs were apparent up to 5.5 hours after the treatment. Mild
to moderate histopathology (Section 3.2.6.1.1) lesions were present in the brain of rats
treated with 80 mg/kg b.w. The eyes and spinal cords were unaffected.

Sutherland, Hoesing and Whishaw (1990) report that DA (25 ng/0.5 pg physiological
saline) microinjections in the hippocampal formation (bilaterally at three sites) of
two male rats (Long Evans) produced a long-lasting anterograde amnesia for special
information in the Moris water task and neural injury consistent to that described by
others in association with DA toxicity (Section 3.2.6.1.1).

Other special studies discussed in this document have incorporated methodologies
such as magnetic resonance imaging microscopy (MRM), electroencephalography and
immunohistochemistry (see Section 3.2.6.1)

In summary, data from acute rat studies indicate that DA induces a dose-dependent
response (depending on the sensitivity of the diagnostic procedures used) with a
time-specific sequence in the appearance of clinical signs and histopathological changes.
These acute toxic effects are followed by memory impairment and permanent structural
brain damage, particularly affecting the hippocampus, because this region of the brain
is particularly involved in memory and learning. The signs of acute toxicity are more
evident and consistent after parenteral than after oral administration. Disturbances in
learning and memory processing are long-term consequences of DA intoxication, and
are seen after higher doses of DA.

Neonatal, as well as aged rats appear to be more sensitive to excitotoxins than young
adult animals (Section 3.2.6.1.4).

3.2.1.3 Acute toxicity studies in non-human primates
Several studies have been conducted using non-human primate models to assess the
toxicity of DA (Tryphonas, Truelove and Iverson, 1990; Tryphonas et al., 1990a, 1990c;
Scallet e al., 1993; Schmued, Scallet and Slikker, 1995; Slikker, Scallet and Gaylor, 1998).
As reviewed by Jeffery et al. (2004), most acute toxicity studies in non-human primates
have been conducted in small groups of monkeys or compiled the observations of
individual isolated animals receiving a single dose by i.p., i.v. or oral administration.
Eleven cynomolgus monkeys (Macaca fascicularis) were dosed orally with mussel
extract (n=4), crude DA (n=1), purified DA (n=4) or physiological saline (n=2).



Assessment of the risk of biotoxins in bivalve molluscs: domoic acid

125

Single doses of extracts of mussels contaminated with DA (6.2, 6.47, 5.63, 5.89 or
0 mg/kg DA equivalent in mussel extract) or DA isolated from toxic mussels
(0.5-10 mg/kg b.w.) were given by oral administration (Tryphonas er al., 1990a).
Monkeys given mussel extract developed anorexia, salivation, retching, vomiting,
diarrhoea and postration (fatigue). Signs of toxicity appeared as early as 2 hours after
dosing and lasted intermittently for as long as 70 hours. Eventually, all treated monkeys
recovered clinically. With the exception of diarrhoea and postration, monkeys dosed
with crude or purified DA developed clinical signs similar to those given the mussel
extract. In addition, DA-treated monkeys developed licking and smacking of the lips
and empty mastication. These symptoms were observed up to 96 hours after treatment.
Mild to moderate CNS lesions were observed in treatment animals (Section 3.2.6.1.1).
The various treatments induced lesions with similar histopathology characteristics.
The incidence, distribution and severity of the lesions varied considerably between
animals. The hippocampus and cerebral cortex were the most affected areas. The eyes,
spinal cord and other brain regions appeared unaffected. Monkeys treated with crude
or purified DA had similar but less severe lesions. Addition of MSG (at 0.25 percent of
mussel extract bolus) or dimethylsulphoxide (at 1 g per bolus) had no significant effect
on the incidence or severity of clinical signs or on the appearance and severity of CNS
lesions. These compounds were coadministered to two (one each) of the DA-treated
monkeys. The wide variations in the response of test animals to the oral administration
of DA were attributed to the protective effect of vomiting, and to suspected incomplete
or slow GI absorption of the toxic agent.

Six adult cynomolgus monkeys were used to assess the toxicity of single doses of
DA obtained from cultured mussels contaminated with this neurotoxin (Tryphonas,
Truelove and Iverson, 1990a). Domoic acid was administered intraperitoneally (n=1) at
the dose of 4 mg/kg b.w. or intravenously (n=4; 0.025, 0.05, 0.2 or 0.5 mg/kg b.w.). The
control monkey received no treatment. All treated monkeys showed clinical signs of
DA toxicity. Clinical signs of neurotoxicity were preceded by a short presymptomatic
period (2-3 minutes). Prodromal signs of toxicity appeared within the first 3—4 minutes.
Lip licking and mastication were reported as characteristic of premonitory signs. The
authors indicate that, in high-dose treated monkeys, the premonitory signs were
not always present. The symptomatic period proper was characterized by persistent
chewing with frothing, varying degrees of gagging, and vomiting. The authors also
indicate that with increasing dose, there was a trend toward a longer symptomatic
period, an increase in the number of signs, and a longer duration of clinical signs.
Monkeys in the higher dose regimen exhibited additional signs including abnormal
head and body positions, rigidity of movements and loss of balance, as well as tremors.
Recovery was characterized by cessation of gagging and vomiting and then chewing.
With low dose, recuperation was rapid. Excitotoxic brain lesions consisting of DA
toxicity (Section 3.2.6.1.1) were detected in the area postrema, the hypothalamus, the
hippocampus, and the inner layers of the retina in monkeys given DA at 0.5 mg/kg
intravenously and 4 mg/kg intraperitoneally. Hence, DA, administered intravenously,
was neuroexcitatory and a powerful emetic, at doses of 0.025 to 0.2 mg/kg. At higher
doses (0.5 mg/kg intravenously and 4 mg/kg intraperitoneally) domoate was strongly
excltotoxic.

Juvenile (n=9, less than 4 years old, weighing 2.5 + 0.3 kg b.w.) and adult
(n=15 weighing 5.3 + 5.3 kg) cynomologus monkeys were dosed intravenously with
DA at one of a range of doses from 0.25 to 4 mg/kg (Scallet et al., 1993). There were
17 females and 7 males that were distributed evenly among dose groups. All animals
that received DA but none of the saline controls (n=4) showed signs of nausea, i.c.
gagging and retching, beginning within a minimum of 8 minutes to a maximum of
about 75 minutes after dosing. Animals that received the lowest dose had longer
latencies until the first signs of illness than did animals that received a higher dose
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(0.25 mg/kg, 50-70 minutes; 1.0 mg/kg, 13-26 minutes). The authors also noted that
the four adults that received doses greater than 1.0 mg/kg of DA showed symptoms
within 8 minutes after the dose, whereas the three juvenile animals took longer
(30-43 minutes) to retch or gag for the first time. Several animals that received
the higher doses (1.0 mg/kg and above) scratched ipsilaterally at their neck and/
or behind their ears. Four animals became moribund within 2-7 hours of treatment
and died thereafter. The survival animals resumed eating and appeared normal in gait
and behaviour until sacrificed one week after treatment. The histological evaluation
reported focused in the hippocampus and is discussed in Section 3.2.6.1.1.

3.2.2 Subchronic/short-term toxicity

3.2.2.1 Subchronic toxicity in mice

Only one study has investigated the effects of repeated doses of DA in mice
(Peng et al., 1997). Using a previously published rating scale for behavioural toxicity
(Tasker, Connell and Strain, 1991), these authors first established dose response curves
for acute toxicity in ICR mice following i.p. injection. They found that the effect of
0.5 mg/kg was not significantly different from control mice and that 2.0 mg/kg produced
severe but non-lethal toxicity in this strain. They then administered these two doses
every other day over 7 days (i.e. four injections) or as a single dose on Day 7 and analysed
for both serum concentrations of DA and behavioural toxicity. Results indicated that
acute versus repeated dosing did not result in any significant difference in serum
concentrations measured at either 60 minutes or 120 minutes postinjection, implying
that repeated administration does not alter the clearance of DA in mice. Similarly, they
found no difference in behavioural toxicity scores at either dose when they compared
the response of mice to a single injection versus the acute response in mice that had
received three previous injections. This implies that an alternate-day pretreatment
does not result in either kindling (a progressively increasing response) or tolerance
(a progressively decreasing response) to DA in ICR mice. Finally, these authors
repeated both the acute toxicity and repeated exposure studies using a different strain
of mice (DBA) and found the same result (i.e. no kindling or tolerance) although they
did observe that DBA mice appeared to be slightly less sensitive to acute DA toxicity
than were ICR mice.

3.2.2.2 Subchronic toxicity in rats

There is only one published rat study aiming to determine the effects of repeated
consumption of DA in rats (Truelove et al., 1996). Male and female Sprague-Dawley
rats were dosed by gavage for 64 days with 0, 0.1 or 5 mg/kg/day DA. The low
dose (0.1 mg/kg b.w.) was approximately equivalent to the dose that would result
from a 50-kg person consuming one 250-g portion of mussel meat containing the
present regulated limit of 20 pg/g. The high dose (5 mg/kg b.w.) was equivalent to the
estimated maximum dose received during the Canadian ASP incident in 1987. This
dose of 5 mg/kg was approximately seven times less than that required to cause overt
clinical signs in rats (Iverson et al., 1989, 1990). Treated animals showed no clinical
abnormalities. Terminal values in haematology and clinical chemistry did not reveal
differences between treated and control groups. The 24-hour urinary excretion rate
for DA determined at three time points was approximately 1.8 percent of the dose
and remained unchanged during the study. Light microscopy histopathology was
unremarkable. Histopathology evaluation included regions such as the hippocampus,
the area postrema and the retina, which are considered sensitive targets for acute DA
toxicity. GFAP and amino-methyl proprionic acid/kainate (AMPA/KA) glutamate
receptors (GluRs) immunohistochemistry did not show visually detectable
differences between treated and control animals (Truelove er al., 1996). Electron
microscopy of the hippocampus from animals in this study has been partially reported
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separately (Pulido, Mueller and Gill, 2001; Pulido ez al., 2001). Rats treated with
5 mg/kg revealed changes in neurons and astrocytes. These changes included neuronal
shrinkage, cytoplasmic vacuolation, dilatation of dendrites and astrocytes processes and
electron-dense mitochondrial profiles (Pulido, Mueller and Gill, 2001;
Pulido et al., 2001). These findings were scattered within otherwise well-preserved
tissue. No changes were observed in animals treated with 0.1 mg/kg or in controls.
The morphology of the electron microscopic findings in this subchronic study is
consistent with those reported in acute studies in rats (Section 3.2.6.1.1). Results from
this subchronic study provide no evidence for a cumulative effect or that repeated
exposures to DA induces greater toxicity or alters clearance from the serum. To the
contrary, recent in wvitro studies using hippocampal slices suggest that pretreatment
with small doses of DA induces tolerance in young, but not old, rats (Kerr, Razak and
Crawford, 2002).

3.2.2.3 Subchronic toxicity in non-human primates

Five adult cynomolgus monkeys were used to assess the effect of repeated doses
of DA (Truelove et al., 1997). Domoic acid was orally administered by gavage
to three cynomolgus monkeys at doses of 0.5 mg/kg for 15 days and then at
0.75 mg/kg for another 15 days. After the 30-day dosing period, the treated monkeys
were euthanized. Parameters monitored included b.w., food and water consumption,
clinical observations, haematology and serum chemistry. Light microscopy
histopathology analysis was conducted on all major organs. Neuropathology evaluation
included histochemical stains and procedures, such as GFAP immunohistochemistry,
that are commonly used to visualize neural injury. Systematic evaluation of the brain
included the hippocampus and other structures of the limbic system, hypothalamus,
brainstem, cerebellum and retina. These are regions identified as preferential targets to
DA toxicity. Domoic acid in serum and 24-hour urine samples were measured at several
time points. All parameters measured remained unremarkable. DA concentrations
measured in the 24-hour urine samples indicated that GI absorption in the monkey
was approximately 4-7 percent of the administered dose, which is at least twice that
previously reported for the rat. This study does not provide evidence for greater
neurotoxic response or increase in sensitivity after the oral administration of repeated
low doses of DA in non-human primates.

3.2.3 Long-term studies of toxicity and carcinogenicity
To date there have been no published studies or reports on the long-term (> 1 year)
toxicity of DA in any species, including humans.

3.2.4 Genotoxicity

The in vitro genotoxicity of DA was evaluated in a hepatocyte-mediated assay with
V79 Chinese hamster lung cells. Crystalline DA (purity not stated) was dissolved
in distilled water and added to lung cell growth medium at doses of 27.2 or
54.4 pg/ml medium. Three additional treatments used were a vehicle control with
0.2 percent dimethyl sulphoxide v/v, 155 pg ethyl methanesulphonate/ml medium
(direct acting genotoxin) or 2.6 pg 7,12-dimethylbenz[a]anthracene (indirect acting
genotoxin). Domoic acid did not cause an increase in the frequency of mutations
to thioguanine resistance or to oubain resistance, either alone or in the presence of
rat hepatocytes, nor did it increase the frequency of sister-chromatid exchange or
micronucleus frequency. Significant increases in all these parameters were observed
with the positive controls. The results suggested that, within the limits of the test
system, DA is not genotoxic in V79 cells (Rogers and Boyes, 1989).
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3.2.5 Reproductive and developmental toxicity

In a teratology study, DA at 0, 0.25, 0.5, 1.0, 1.25, 1.75 or 2.0 mg/kg b.w. was
administered i.p. on Days 7-16 of gestation to groups of 9-15 female Sprague-Dawley
rats, ranging in weight from 175 to 225 g. All of the rats in the 2.0 mg/kg group died
within 3 days and 6 of 12 rats in the 1.75 mg/kg group aborted preterm. All remaining
females were euthanized on day 22 of gestation. No signs of maternal toxicity were
observed at doses of up to 1.25 mg/kg b.w. Slight, but significant (P<0.05), reductions
in the number of live foetuses per litter were reported in the 0.5 and 1.0 mg/kg DA
groups, but not in the 1.25 or remaining 1.75 mg/kg group. This reduction was not
dose-related and did not correlate with the percentage of resorbed and dead foetuses
of total implants. There was an increased incidence of retarded ossification of the
sternebrae in the 1.25 mg/kg group (6 percent), but the increase was comparable with
that in historical controls (4 percent). No other indications of maternal or fetal toxicity
were reported, implying that 1.0 mg/kg/day may be considered a NOAEL in this
study. The results indicate that DA is not teratogenic under the test conditions used
(Khera et al., 1994).

The same group also reported on a homeostatic study in which groups of 3—4 rat
dams received 0, 0.5, 1.0 or 1.5 mg/kg (i.p.) DA on gestational Day 11. Analysis of
urine and blood samples from these rats revealed elevated plasma sodium (Na) in all
treated groups at 1 and 3 hours as well as elevated serum potassium (K) at 9 hours in all
treated groups. Urinary Na was also increased in all groups in a dose-related manner.
In addition, pCO, values were increased at 3 hours in all domoate-treated groups and
at 9 hours in the group receiving the highest dose (1.5 mg/kg). These changes failed
to cause any long-term effect on fetal development as observed in the term foetuses
(Khera et al., 1994).

The effects of low (subconvulsive) doses of DA on brain development in the rat have
been described in four papers (Dakshinamurti et al., 1993; Doucette et al., 2003, 2004;
Tasker er al., 2005) and one preliminary report (Doucette, Ryan and Tasker, 2002) to
date.

Dakshinamurti et al. (1993) reported that 10-30 day-old mice exposed to DA in
utero (0.6 mg/kg i.v. in the pregnant dams) demonstrated generalized electrocortical
depression associated with diffuse spike and wave activity in basal electroencephalogram
(EEG) recordings and had reduced seizure thresholds to exogenous domoate. These
changes were seen even in the absence of motor convulsions, and were accompanied by
severe neuronal damage in the hippocampal CA3 and dentate gyrus region. This latter
finding is of particular interest, because most authors have found that excitotoxins do
not produce permanent histopathological damage when administered to neonatal rats.

Another study by Doucette et al. (2003) reported physiologically relevant changes in
brain development in the absence of convulsions when neonatal rats were injected daily
(s.c.) with very low doses of DA (5 and 20 pg/kg), or pharmacologically equivalent
doses of KA (25 and 100 pg/kg) from postnatal day (PND) 8-14. This study showed
that while neither compound had identifiable effects on typical measures of toxicity
such as weight gain, acoustic startle, ultrasonic vocalizations (USVs), or maternal
retrieval, drug administration did result in significant differences in eye opening,
conditioned place preference and spontaneous activity. These authors conclude that
low doses of DA can produce changes in brain development if given during particular
“windows” of brain development. In this case, that window is the second perinatal
week in the rat, which is a particularly dynamic period for kainate receptor expression,
and which corresponds roughly to the latter part of the third trimester in humans.
This same research team recently reported on a follow-up study (Tasker et al., 2005) in
which they describe induction of a conditioned odour preference in rats administered
0.020 mg/kg DA s.c. by daily injection between PND 8-14 (the same time frame as
the previous study). No observable tox