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Preface

The second edition of Seafood and Freshwater Toxins: Pharmacology, Physiology, and Detection
is a demonstration that the topic is advancing very fast. In the first edition, Pfiesteria did not find
mention due to lack of enough information to write a chapter, but this edition shows a part of the
mystery already solved. Those toxins that were on the horizon in the former edition are now a well-
known problem, and legislation has been developed for some of them. Some other toxins, such as
gambierol or polycavernoside, did occupy only a line in the first edition, and now they have their
own chapter. All these dramatic changes took place in 6 years, and I am very curious too see what
the next years will bring us.

The increasing concern over food safety, combined with a notable advance in analysis technol-
ogy and toxicological information, is described in this edition. Marine and freshwater toxins are a
growing problem, and even the possible relationship with a potentially changing climate is already
suggested in some chapters of the book. Therefore, the study of marine and freshwater toxins is
extremely complex. International commerce, using large sea cargo vessels, is a source of new toxins
in virgin areas, and from burning forest to pollution, everything could be a triggering cause for the
appearance of toxic blooms in new places.

This book intends to provide an overall view of the current situation from all points, and as such,
it will be of use to food technologists, toxicologists, pharmacologists, and analytical chemists.

The authors who contributed their work to each chapter are world experts in their fields, and
I thank them for their dedication and enthusiasm in providing chapters for this book.

I want to thank the collaboration of CRC and T&F for their support to the second edition. I espe-
cially want to thank my family, from whom I have taken away sometimes far too much time, and to
them I dedicate this work.
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Institutes of Health Fogarty Fellowship at the Johns Hopkins University, Baltimore, Maryland. He
has published more than 200 papers, 15 patents, and has edited several books on pharmacology
and marine toxins. Since 2005, he has been the director of the European Community Reference
Laboratory for Marine Biotoxins (European Directorate General for Health and Consumer Affairs
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1.1 INTRODUCTION

Risk assessment is one of the three elements in the overall method called risk analysis. In addition
to risk assessment, risk analysis comprises risk management and risk communication. Risk analysis
is the fundamental methodology underlying the establishment of food safety standards. While risk
assessments are performed by toxicologists or microbiologists, risk management is performed by
persons responsible for regulation and control. It is important that the roles are not mixed and that
all the steps in risk analysis are transparent. There should be a functional separation between risk
assessment and risk management. This will ensure the scientific integrity of risk assessment and
reduce any conflict of interest. Nevertheless, since risk analysis is an integrated process, interaction
between risk assessors and risk managers is important for its outcome. Even though the goal is that
food be safe, complete absence of risk is impossible, and society accepts some risks associated with
food as reasonable in comparison with other risks in everyday life.

1.2 RISK ASSESSMENT IN GENERAL

Risk assessment is usually divided into four steps: hazard identification, hazard characterization,
exposure assessment, and, finally, risk characterization [1]. In hazard identification, agents capable
of exerting negative health effects are identified. Often, the first indications of toxic potential of a
compound or mixture are derived from epidemiological studies. The advantage of epidemiological
studies is that extrapolation from experimental animal studies is unnecessary. On the other hand,
indications from epidemiological studies show that unwanted exposure has already taken place.
For marine biotoxins in bivalve mollusks, all known syndromes have been detected as a result of

3



4 Seafood and Freshwater Toxins: Pharmacology, Physiology, and Detection

intoxication of humans, and not from screening programs. The different surveillance systems in oper-
ation mainly protect against repeated poisoning episodes from already known toxins in seafoods.

Hazard characterization consists of qualitative or quantitative evaluation of the adverse health
effects associated with different agents, whether they are chemicals or microorganisms. This step
comprises several elements, like toxicokinetics (absorption, distribution, metabolism, and excretion
of the toxic agent), mechanism of toxic action, dose—response relationships, target organs and differ-
ent end points, like acute or chronic toxicity, teratogenicity, neoplastic manifestations, and so forth.

In exposure assessment, information is sought on the likely intake of compounds with toxic
potential. Knowledge is necessary on both concentrations of the toxic agents and the pattern of con-
sumption of different food items where they appear. This kind of information is very often lacking or
at least imprecise. Children are a group of special concern owing to their relatively large consump-
tion on a body weight basis and increased susceptibility for many toxins.

Risk characterization is the final step in the risk assessment process. It comprises quantitative or
semiquantitative estimations, including uncertainties, of the probability of adverse health effects in
people associated with exposure to the toxic agents. Risk characterization is based on the informa-
tion gathered through the first three steps in the risk assessment procedure. It is important that the
weight of evidence leading to the conclusions be openly discussed. Risk characterization should
include a description of the primary causes of uncertainties.

For nongenotoxic chemicals, risk assessment is based on the concept of threshold doses, below
which no adverse effect results from exposure. From human or experimental animal data, one tries to
establish the no observable adverse effect level (NOAEL) and the lowest observed adverse effect level
(LOAEL). In order to establish “safe” levels of exposure to potentially toxic agents, the NOAEL is
divided by a safety factor (often named uncertainty factor). When the risk assessment is based on data
from experimental animals, a default safety factor of 100 is usually applied. The safety factor consti-
tutes a factor of 10 for potential differences in susceptibility between animals and man, and another
factor of 10 for interindividual differences among humans. The factors are combinations of differences
in toxicokinetics and toxicodynamics, both in animals and man. If true factors are known, the size of
the safety factor may be changed accordingly. When risk assessment is based on human data, a safety
factor of 10 is applied in most cases, for instance, for food additives. However, for natural toxins in
food, smaller factors are usually applied. This is a risk management decision, often based on informa-
tion on the absence of adverse health effects at intake levels close to the estimated LOAELS.

In principle, larger safety factors should be applied when the guidance levels (GLs) are derived
from LOAELSs instead of NOAELSs. In practice, this is often not done, and this is explained by the
seemingly safe use of existing GLs for many natural toxins.

For compounds with genotoxic effects, one assumes that there is no safe lower level of exposure,
even though the risk may be very low. The term as low as reasonably achievable (ALARA) is often
used for toxins without a threshold for effect. In such cases, estimates are made of exposures that
constitute a risk of cancer in 1/10° or 1/10° at lifelong exposure. Instead, one may use the principle
of margin of exposure (MOE) for such compounds, which means calculation of the ratio between
the NOAEL and the estimated exposure.

An adverse effect is defined as changes in morphology, physiology, growth, development, or life
span, resulting in impairment of functional capacity, impairment in the capacity to compensate for
additional stress, or increased susceptibility to other environmental influences.

In many cases, it is difficult to decide on an exact dose level for the transition from merely an
effect to an adverse effect.

1.3 RISK ASSESSMENTS OF MARINE BIOTOXINS IN
BIVALVE MOLLUSKS

Since the year 2000, several international expert groups have undertaken risk assessments of marine
algal toxins in bivalve mollusks. In 2001, a Working Group (WG) on Toxicology of diarrheic shellfish
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poisoning (DSP) and azaspiracid poisoning (AZP) was appointed by the EU Commission [2]. The
WG met in Brussels in May and submitted its recommendations to the EU Commission the same
year. In 2003, the Codex Alimentarius Committee on Fish and Fishery Products (CCFFP) asked
the Food and Agriculture Organization (FAO) and World Health Organization (WHO) for expert
assistance associated with establishment of international safe levels of marine biotoxins in bivalves.
As a result, a Joint FAO/IOC/WHO ad hoc Expert Consultation on Biotoxins in Bivalve Mollusks
was established in 2004 [3]. The Expert Consultation was asked to perform risk assessments and
to provide guidance on the methods of analysis and monitoring of relevant algal toxins in bivalves.
The Expert Consultation classified the marine biotoxins to be dealt with into eight groups, based
on their chemical structure: the azaspiracid, brevetoxin, cyclic imines, domoic acid, okadaic acid,
pectenotoxin, saxitoxin, and the yessotoxin group.

In 2005, the EU Commission and the Community Reference Laboratory on Marine Biotoxins
appointed another Working Group on Toxicology to give further advice on risk assessment of
lipophilic marine algal toxins in bivalves [4].

Since most available data on toxicology concerns acute or short-term studies, and since exposure
to marine biotoxins in bivalves generally involves only occasional consumption, priority was given to
the establishment of acute reference doses (ARfD) for toxin groups by the Expert Consultation [3].
An ARfD is defined as the estimated amount of a substance in food, in mg/kg body weight, that can
be ingested in a period of 24 h or less without appreciable health risk to the consumer on the basis
of all known facts at the time of evaluation. ARfDs are established from the NOAELSs or LOAELs
by dividing by the safety factors.

Risk assessment results in the establishment of ARfDs for individual toxin groups. As the final
step in the overall risk analysis, risk management GLs for the different toxin groups are established,
taking into consideration the estimated consumption of different food items, and by selecting a level
of protection after considering health aspects, in addition to economic and other elements.

The portion size of bivalves is a crucial factor. The choice of consumption level will provide the
final protection level of different consumers. This is a difficult question, since data on consumption
of mussels are scarce, and indicate wide variations. Since this question has such important influ-
ence on the outcome of the regulation, both the Expert Consultation [3] and the EU expert group
[4] recommended to apply a portion size of 250 g shellfish meat, in order to protect even the high
consumers (an estimated 97.5 percentile). Today, regulation of marine biotoxins in bivalves in both
the EU and the United States is based on a serving size of 100 g shellfish meat.

The following categories of shellfish syndromes are described today:

Paralytic shellfish poisoning (PSP), by the saxitoxin (STX) group
Amnesic shellfish poisoning (ASP), by the domoic acid (DA) group
DSP, by the okadaic acid (OA) group

AZP, by the azaspiracid (AZA) group

Neurotoxic shellfish poisoning (NSP), by the brevetoxin group

In addition, several groups of marine toxins are detected in shellfish by means of different bio-
assays, but without proven toxicity toward humans [the Yessotoxin (YTX), pecteontoxin (PTX), and
cyclic imines group]. The latter groups will be briefly described in this chapter.

The toxicology and chemistry of the different toxin groups are described in detail in other chap-
ters of this book. Consequently, risk assessments described here are mainly summarized outcomes
of the most resent assessments undertaken by international bodies (EU WG 2001, FAO/IOC/WHO
Expert Consultation 2004 and EU WG 2005), supplemented by assessments on PSP and AZP by
national expert groups from the United Kingdom and Ireland, respectively.

1.3.1 ParALYTIC SHELLFISH POISONING TOXINS

Hazard identification: The syndrome PSP has been known for several hundred years [3,5]. The
intoxications are associated with the intake of toxins from the STX group that consists of about
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20 analogues (for chemistry, see Chapter 9). Traditionally, PSP toxins are divided into three main
groups, the carbamates (STX, neoSTX, and GTX1-4), the sulfocarbamoyls (B1-2, C1-4), and the
decarbamoyl toxins (dcSTX, dc-neoSTX, and dc-GTX1-4). According to the Expert Consultation
[3], the PSP toxins constitute the STX group. The carbamates are the most toxic, the decarbamoyl
toxins are slightly less toxic, whereas the sulfocarbamoyls are at least one order of magnitude less
toxic in mouse bioassays (MBAs) applying intraperitoneal (i.p.) injections [3].

The main producers of STXs are dinoflagellates from the genus Alexandrium that has a world-
wide distribution.

Hazard characterization: The STX group toxins are quickly absorbed and distributed via the
bloodstream to the target tissues since the symptoms appear after a very short time [3].

The information about metabolism of STX group toxins in the human body is scarce. However,
since the sulfocarbamoyls have much lower toxicity compared with the corresponding carbamates,
and since they are quite effectively converted to carbamates in vitro during heating at low pH (step in
the extraction method for the PSP MBA), it is of interest to find out whether similar hydrolysis takes
place in the human stomach. According to Harada et al., [6], conversion of B1 to STX in artificial
gastric juice for 5 h at 37°C and pH 1.1 and 2.2 was 9% and “not detectable,” respectively. Similar
experiments by Oshima [3] with C1 and C2 toxin incubated for 4 h at pH 1.6 and 2.2 showed that
only 5.5% and 1.5% was converted, respectively. On the basis of this, the Expert Consultation [3]
concluded that hydrolysis of the sulfocarbamoyls may not be of significance for human health. Data
from humans indicate that the STX toxins are excreted via the urine.

The toxic mechanism of action of the STXs is due to binding to voltage-gated sodium channels
on excitable membranes and blocking of the passive inward flux of sodium ions [7]. Even though all
STX group toxins occupy the same receptor, their affinity differs greatly [3].

Results from studies in mice [8] indicate that oral toxicity is two orders of magnitude lower,
compared with i.p. injections (LDs, of 260 versus 10 pg/kg body weight).

Observations in humans: The symptoms are described in three categories of increasing severity [3]:

1. Mild symptoms: Tingling sensation or numbness around lips, gradually spreading to
face and neck, prickly sensation in fingertips and toes, headache, dizziness, nausea, and
vomiting.

2. Moderately severe symptoms: Incoherent speech, progression of prickly sensation to arms
and legs, stiffness and noncoordination of limbs, general weakness and feeling of light-
ness and floating, slight respiratory difficulty, rapid pulse, backache as a late symptom.

3. Extremely severe symptoms: Muscular paralysis, pronounced respiratory difficulty, choking
sensation, high probability of death in absence of artificial respiration.

The first symptoms appear within 5-30 min. In more severe cases, further symptoms develop
within 4-6 h, while in severe cases death due to respiratory paralysis takes place within 2—12 h [3].
If the patients survive, there are no reports of late effects.

There are many reports on PSP in the literature. However, the toxin levels associated with the dif-
ferent grades of severity vary considerably. This may partly be due to variable quality of the methods
of analysis, whether the analyzed material is the same as that causing the intoxications, and whether
the results have accounted for the effect of cooking on the toxin level in the food items consumed.

In order to be able to compare results, toxin levels are converted to pug STX.2HCI equivalents.
When MBA has been used, a conversion factor of 0.18-0.20 ug STX.2HCl-eq./mouse unit (MU) is
normally applied [3].

From all data available to the Expert Consultation [3], they concluded that persons exhibiting
mild symptoms had consumed 2-30 pug STX.2HCl-eq./kg body weight, while more severe cases
were associated with intakes of >10-300 ug STX.2HCl-eq./kg body weight.

Risk characterization: The Expert Consultation [3] elected 2 ug STX.2HCl-eq./kg body weight
as the LOAEL for PSP. Furthermore, they applied a safety factor of 3, and established a provisional
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ARID of 0.7 ng STX.2HCl-eq./kg body weight for the STX group. The small safety factor was
based on the availability of toxicity data from a wide variety of consumers with different suscepti-
bilities, in addition to the reversibility of mild symptoms. The Expert Consultation [3] underlined
the need for more information, both from patients and on the effects of processing of shellfish on
toxin levels. According to Prakash et al. [9], cooking can reduce the STX group toxicity of contami-
nated shellfish by as much as 70%. However, the toxins are in part leached into the cooking fluids.
Consequently, they may contribute to the total exposure in cases where both shellfish and bouillon
are consumed (a mild intoxication was reported in a consumer of both blue mussels and bouillon in
Norway in 2005, when the toxin level was about 1600 pg STX.2HCl-eq./kg raw mussels [twice the
GL], and the meal was prepared from about 100 g raw mussel meat [Aune unpublished]).

According to the author of this chapter, this illustrates the difficulty in applying terms like
LOAEL versus NOAEL and the associated choice of safety factors. If mild symptoms are not asso-
ciated with truly adverse health effects, their use in establishing ARfD may mislead those who are
responsible for risk assessment and management. This issue should be further discussed by experts
on risk assessment and safety evaluation.

The Expert Consultation [3] made calculations to show how the established provisional ARfD
for the STX group could influence the derived GL in shellfish, depending on three different sce-
narios for portion size. Selection of GLs is the responsibility of risk managers. If the portion size is
maintained at today’s 100 g, the safety factor will indirectly be eliminated for the most susceptible
consumers if their true intake is about 250 g.

The U.K. Committee on Toxicity (COT) [10] has produced a statement on risk assessment and
monitoring of PSP toxins in 2006. On the basis of an evaluation of all available data, and given
the limitations regarding data on exposure, the committee concluded that the Expert Consultation
[3] approach was reasonable. Furthermore, they noted that the ARfD proposed by the Expert
Consultation constitute about one-tenth of the lower end of the dose range associated with severe
illness and was therefore unlikely to be overly conservative. The COT members noted that a portion
size of 250 g was a reasonable estimate for high-level shellfish consumption in the United Kingdom.
Given the acute effects of PSP, they considered it essential to refer to high-level potion size as the
comparator in the risk assessment. The committee discussed the current regulatory limit for PSP
toxins in shellfish, which is 800 pg STX.2HCl-eq./kg shellfish meat, and that this could result in
some individuals consuming greater than the proposed ARfD. The committee agreed that it would
be imprudent to conclude that mild cases of PSP had not occurred in the United Kingdom, as they
may go unreported, and that the ARfD proposed by the Expert Consultation [3] should be supported.
The committee concluded that a PSP toxin concentration of 200 pg STX.2HCl-eq./kg shellfish meat
would be the maximum concentration considered to be without appreciable health risk, assuming an
adult body weight of 60 kg.

1.3.2 AMNESIC SHELLFISH PoISONING TOXINS

Hazard identification: A new type of shellfish poisoning was experienced in Prince Edward Island,
Canada, in 1987. More than 100 persons were taken ill upon consumption of blue mussels [11].
Within 24 h, the following symptoms appeared: nausea, vomiting, headache, diarrhea, and abdomi-
nal cramps. At least one of the neurological symptoms such as confusion, memory loss, disorienta-
tion, seizures or coma, and death were observed within the next few days. The syndrome was named
ASP. The causative toxins were DA and analogues (for chemistry, see Chapter 20), and the main
toxin producer was the diatom Nitzschia pungens f. multiseries (later named genus Pseudonitzschia).
According to the Expert Consultation [3], the ASP toxins constitute the DA group.

DA is the dominating toxin in the DA group, and it can be found in a whole series of bivalves,
as well as gastropods, crabs, and lobsters [3].

Hazard characterization: Domoic acid is the major component among the ASP toxins. DA is
poorly absorbed from the gastrointestinal tract in both rodents and monkeys. Absorption of DA
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in cynomolgus monkeys treated orally for 30 days was 4—7%, and plasma half-life about 2 h [12].
Absorbed DA is excreted in the urine, mostly unchanged, indicating minimal metabolism in vivo [13].
Impaired renal function results in significant increases in serum concentrations and residence time of
DA, and, according to Expert Consultation [3], this presents additional risk to this group of patients.

The toxic mechanism of action of the DA group is exerted by the activation of glutamate receptors
in the central nervous system. DA has high affinity to the kainite receptors, a subclass of glutamate
receptors. DA leads to the opening of Na* channels, leading to Na* influx, inducing depolarization.
This results in concomitant Ca* ion influx, causing toxic effect and cell death [3].

Results from animal studies indicate that oral toxicity is more than ten times lower than via i.p.
injections. There is currently no evidence of cumulative toxicity from repeated exposure studies in
experimental animals [3].

Observations in humans: During the ASP episode in Canada in 1987, a total of 107 persons were
reported with ASP symptoms. The dominating symptoms were nausea (77%), vomiting (76%),
abdominal cramps (51%), headache (43%), diarrhea (42%), and memory loss (25%) [11]. Memory
loss was only experienced among persons above the age of 50 years. Three among the oldest patients
died after 11-24 days.

Data on the mussel consumption were inadequate for most of those with ASP. According to
Todd [11], good quantitative exposure data were available for ten elderly persons (60-84 years).
Among these, one person was unaffected after consumption of 15-20 mg DA (0.2-0.3 mg/kg body
weight). Mild symptoms were recorded among persons consuming 60—110 mg DA (0.9-2.0 mg
DA/kg), while the most serious cases exerting neurological symptoms had consumed 135-295 mg
DA (1.9-4.2 mg DA/kg). Hospital records for 16 patients indicated that all seriously ill persons less
than 65 years of age had preexisting illness [3].

Risk characterization: On the basis of existing data, the Expert Consultation [3] estimated the
LOAEL at 1.0 mg DA/kg body weight. Furthermore, they selected a safety factor of 10 to account
for interindividual variability and because of the relatively small number of individuals on which to
base the LOAEL. A resulting provisional ARfD of 0.1 mg DA/kg body weight was established by
the Expert Consultation [3].

The Expert Consultation [3] stated that there is an urgent need for studies on risk during preg-
nancy, long-term developmental effects, neurological deficits induced by doses below the acute
toxic dose, and toxicity in health-compromised individuals.

If the ARfD of 0.1 mg DA/kg is applied, the corresponding derived GLs in shellfish for different
portion sizes would be the following: 60 mg DA/kg shellfish meat (100 g), 24 mg/kg (250 g), and
16 mg DA/kg (380 g).

Compared with the risk assessment by the Expert Consultation [3], today’s regulation of 20 mg
DA/kg shellfish meat is unnecessarily strict if one maintains a portion size of 100 g, while it is in
good accordance with the Expert Consultation recommendation if a portion size of 250 g shellfish
meat is selected.

1.3.3 DIARRHEIC SHELLFISH POISONING TOXINS

Hazard identification: The first well-described episodes of DSP appeared in the late 1970s in
Japan [14] and in the Netherlands [15]. The dominating symptoms were diarrhea, nausea, vomiting,
and abdominal pain, and hence the name, DSP. The Japanese scientists found the close correlation
between dinoflagellates of the genus Dinophysis, consumption of shellfish, and DSP in humans.
Intoxications associated with the consumption of shellfish have been described before the 1970s,
but in those incidences, the association between shellfish and marine algae was not seen. Today,
the number of DSP -toxin-producing algae comprises at least seven species of Dinophysis, in addi-
tion to several species of the genus Prorocentrum. The main DSP toxins are OA, and dinophysis-
toxinl-2 (DTX-1, DTX-2) (for chemistry, see Chapter 10). OA was first isolated from the sponge
Halichondria okadai, and hence the name of the toxin group. In addition, fatty acid esters of all three
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(chain length between C4 and C,, with varying degrees of unsaturation), named DTX-3 for simplic-
ity, also appear in shellfish, possibly as metabolites from the three toxins. According to the Expert
Consultation [3], the DSP toxins constitute the OA group.

Hazard characterization: Information on the toxicokinetics of the OA group is limited. When
mice were given a dose of OA at 90 pug/kg body weight, the highest amount was found in intestinal
tissues plus its contents (about 50%), and about 12% in urine. OA was found in all tissues examined
(brain, lung, spleen, heart, liver, gallbladder, kidney, stomach, skin, blood, and muscle, in addition
to intestines) [3]. Elimination of OA from the intestines was slow, and data show that enterohepatic
circulation takes place. The results show little metabolism of OA.

Their mechanism of toxic action of the OA group toxins is via inhibition of serine-threonine
protein phosphatase 2A (PP2A), and to some extent, protein phosphatase 1 (PP1) [16,17]. Protein
phosphatases play an important role in many regulatory processes in cells, like metabolism, membrane
transport, secretion, and contractility [18]. A reasonable explanation of the molecular mechanism
leading to the DSP symptoms is that the OA group toxins (OA, DTX1-2, and DTX-3 upon hydrolysis)
increase the cellular permeability of intestinal epithelial cells [19]. OA has strong cancer-promoting
capacity in experimental systems. An important long-term feeding study with OA to rats has been
undertaken [20, 21]; 6-week-old rats were initially treated with the cancer inducer N-methyl-
N-nitro-N-nitrosoguanin (MNNG) in drinking water at 2 mg/kg body weight for 8 weeks. One week
after termination of inducer treatment, they were fed OA at approximately 10 pg/day in the drinking
water for 46 weeks, and thereafter 20 pg/day for another 17 weeks. The number of neoplasia (adeno-
matous hyperplasias plus adenocarcinomas)-bearing rats were MNNG + OA: 75%; MNNG alone:
46%; OA alone: 0%. The number of adenocarcinomas were 18.8%, 14.3% and 0%, respectively. The
doses of OA correspond to approximately 15 pg/kg and 30 pg/kg body weight, respectively. This is
equivalent to 900 pg and 1800 pg per person in humans (adult, weighing 60 kg). This indicates that
the cancer-promoting potential of OA in vivo is very low compared with realistic human exposure.

There are a few reports on genotoxic activity of OA. OA was not mutagenic in the Ames test with
Salmonalla typhimurium, with or without metabolic activation [22], but mutagenicity was found in
Chinese hamster lung cells with diphtheria toxin resistance as a selective marker. However, in this
study, the cytotoxicity of OA increased in a dose-dependent manner, and in the dose-response area
for mutagenicity, cell death was 45-50%. The cytotoxicity has to be considered when evaluating the
results [1]. OA induces micronuclei and blocks mitosis in colonocytes from mice 24 h after a single
oral dose between 435 and 610 pg/kg body weight [23].

Traditionally, acute toxicity of OA group toxins is measured by i.p. injections of shellfish
extracts in mice. OA and DTX-1 have about the same toxicity (LDsq 200 and 160 pg/kg body
weight, respectively [3]). In a recent report, the corresponding value for DTX-2 is about 350 ug/kg
body weight [24]. According to Yanagi et al. [25], homologues of DTX-3 are slightly less active than
OA concerning inducing fluid accumulation in mouse intestinal loops, while their i.p. toxicity in the
MBA is markedly reduced. The biological activity of the DTX-3 toxins increases with the degree
of unsaturation of the acyl side chain. The LDs, of DTX-3 varies, but according to the EC [3], the
value is 500 pg/kg body weight.

Observations in humans: Since late 1970s, episodes of DSP have been reported from many countries
worldwide: Japan, the Netherlands, Norway, Sweden, New Zealand, the United Kingdom, Belgium,
Portugal, and Chile. The symptoms mainly comprised diarrhea, nausea, vomiting, and abdomi-
nal pain. The onset was from about 30 min, and usually the symptoms vanished within 2-3 days,
with no reported late effects. Unfortunately, precise information on toxin intakes is not available.
Furthermore, toxin levels have been measured by a variety of methods. The MBA gives only crude
estimates of toxins exerting acute effects via the i.p. route. One MU is the minimum amount of toxin
injected necessary to kill two of three mice of 20 g [3]. This is estimated to correspond to 4 ug OA
or 3.2 ug DTX-1 [26]. If toxins outside the DSP complex are present, like YTXs, pectenotoxins,
or spirolides, they may influence the outcome of the MBA. More precise analytical methods are
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developed, mainly high performance liquid chromatography (HPLC) and liquid chromatography-
mass spectrometry (LC-MS), and these methods have been used in association with many of the
reported episodes of DSP.

Surveys on victims from DSP episodes in Japan in 1976 and 1977 indicate that the minimum
amount of toxin to induce DSP symptoms is 12 MU [2], which corresponds to approximately 48 g
OA-equivalent. During the grand opening on a new shellfish farm in Norway in September 1999,
39 of 72 were taken ill with DSP symptoms. Those present were offered several dishes containing
local blue mussels. HPLC analysis of leftovers shows a toxin level of 55-65 pug OA-eq./100 g shell-
fish meat [1]. Even though precise information on how much shellfish the participants consumed
is lacking, a crude estimate indicates that those intoxicated were exposed to at least 1-1.5 pg OA-
eq./100 g body weight.

In the summer 2002, about 200 persons in southern Norway were taken ill with DSP symptoms
associated with the consumption of brown crabs (Cancer pagurus). The crabs were caught in the
surface. Analysis of crabs by LC-MS showed very low levels of OA and DTX 1 and DTX-2, but
high levels in OA-eq./100 g brown meat (digestive gland) after hydrolysis. The crabs had acquired
the toxins as a result of feeding on the abundant numbers of blue mussels in shallow waters, and
transformed the DSP toxins, mainly OA, to DTX-3 [27]. Analysis of leftovers from crab meals caus-
ing DSP indicated DTX-3 levels corresponding with 1050-1500 ug OA-eq./100 g brown meat. If
one assumes consumption of two to three crabs of 500 g fresh weight, the DTX-3 level causing DSP
symptoms is estimated at 75-150 pg DTX-3 as OA-equivalents [28].

Risk characterization: According to the European WG in 2001 [2], the lowest observed effect
level derived from data from Japan and Norway is in the range 48—65 ng OA-eq./100g (minimum
0.8 pg/kg body weight, assuming adults weighing 60 kg). By applying a safety factor of 3, the WG
suggested an allowance level of DSP toxins of 0.27 pg/kg body weight as OA-equivalents (equals
16 pg/person). Furthermore, the WG assumed a portion size of 100 g for mussels and other spe-
cies of shellfish, and stated that if the concentration of these toxins in shellfish is not exceeding
160 ng/kg, there is no appreciable health risk.

The FAO/IOC/WHO Expert Consultation [3] concluded that, based on existing human data, the
LOAEL for DSP is 1.0 ug OA-eq./kg body weight, and applied a safety factor of 3, deriving at a pro-
visional ARfD of 0.33 ug OA-eq./kg body weight. The size of the safety factor was chosen because
of the relatively large number of persons involved, and because DSP symptoms are readily revers-
ible. According to the Expert Consultation [3], consumption of 250 g shellfish meat (recommended
portion size to protect even large consumers) would lead to a derived GL of 80 ug OA-eq./kg shell-
fish meat. The risk assessment is closely similar to that of the EU WG in 2001 [2], while the choice
of portion size differs significantly.

The EU WG in Cesenatico in 2005 [4] agreed with the conclusions from the Expert Consulta-
tion [3] concerning both ARfD and the preferred portion size of 250 g shellfish meat.

In the opinion of the author of this chapter, the size of the safety factor of 3 seems reasonable,
since the effects are primarily exerted by OA and analogues in the gastrointestinal tract, as a result
of inhibition of protein phosphatises (mainly PP2A). Also, a portion size of 250 g shellfish meat is
recommended when establishing the GL, since the goal is to protect the majority of consumers.

1.3.4 AzaspiRACID PoOISONING TOXINS

Hazard identification: In November 1995, consumers in the Netherlands were taken ill with symp-
toms similar to DSP after eating blue mussels from Killary Harbour, Ireland. Since the level of DSP
toxins was low, a hitherto unknown group of marine biotoxins, the azaspiracids, was discovered
[29], and their structure elucidated [30]. There have been another four outbreaks of AZP, all due to
consumption of blue mussels from Ireland [31]. The AZA group comprises several analogues, but
AZA1-3 seems to make up the most important ones (for chemistry, see Chapter 35). The AZAs are
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detected in seafood in several European countries, but there is still uncertainty about the producer of
this toxin group, even though the dinoflagellate Protoperidinium crassipes has been suggested.

Hazard characterization: Data on toxicokinetics for the AZA group are lacking, mainly due to
lack of availability of pure toxins. Also, information on the mechanism of action is scarce, but they
do not inhibit protein phosphatise 2A, which is the main mechanism of DSP toxins [3]. Results from
in vitro studies have shown multiple effects like cytoskeleton disruption [32], increased levels of
cytosolic calcium and cAMP [33,34], and cytotoxicity towards multiple cell types [3].

The acute toxicity of AZAs in mice is as per the following:

Lethal dose i.p.
AZA-1: 200 pg/kg body weight [30]
AZA-2: 110 pg/kg [35]
AZA-3: 140 png/kg [35]

Acute lethal dose orally for AZA-1 was 250-450 pg/kg, depending of age of the mice [36].

In animal studies, AZAs induce damage to the gastrointestinal tract, liver, and lung [36,37].
From long-term feeding studies in mice, there were indications of tumorigenicity in the lung, but
there was no clear dose-response relationship, and the results cannot lead to conclusions concerning
carcinogenic potential.

Observations in humans: The symptoms in humans after the AZP episodes in the Netherlands,
and in a few other European countries associated with consumption of blue mussels from Ireland,
were nausea, vomiting, severe diarrhea, and stomach cramps, similar to those associated with DSP
[31,38].

Leftovers of blue mussels from Killary Bay were collected and tested by the rat bioassay for
DSP and gave strong positive results. Later, mussels from Killary Harbour were tested for DSP,
PSP, and ASP toxins, but the levels of these toxins were at trace amounts or were not detectable.
Six months later, mussels from the same location were tested for AZAs and found to contain large
amounts of AZA-1 (1.14 mg/kg whole shellfish meat), 230 ug/kg AZA-2, and 60 pg/kg AZA-3 [31].
Unfortunately, there is no information on shellfish consumption.

The next AZP episode took place in Ireland in September/October 1997 upon consumption of
blue mussels from Arranmore Island, Ireland. About 20-24 individuals were affected, and eight of
them consulted a physician. All patients made a complete recovery after 2-5 days [31]. The best
estimate of the concentration of AZA toxins in mussels from Arranmore sampled 1-2 months later
was 1.36 mg/kg raw whole shellfish meat. This AZP episode is the best documented, and has been
used for estimates of dose—response relationships (they assumed that the concentration of AZAs was
reduced during cooking). From this, the Irish expert group made a best estimate of the total concen-
tration of AZAs ingested by one patient with symptoms after consumption of 9.1 ug AZA.

The EU WG in 2001 [2] reevaluated the exposure data, based on new information on the heat
stability of the AZAs. The recalculated intake estimates were between 23 g and 86 ug AZA/person.
The same numbers for AZAs causing AZP were used by the Expert Consultation [3].

In a second risk assessment of AZAs by the Food Safety Authority, Ireland [38], new data on
AZAs, both concerning distribution in the shellfish, ratios of different AZA analogues, and effect
of cooking on AZA levels [39], formed the basis for a reevaluation. According to these estimates,
the AZA levels believed to have caused AZP during the Arranmore incidence were between 50.1 ug
and 253.3 pg/person.

Risk characterization: The first risk assessment from Ireland [38] concluded that a level of
100 ug AZA/kg raw shellfish meat does not cause AZP.

The European WG 2001 [2] calculated the LOEL of AZAs to be between 23 g and 86 g/ person.
They suggested a safety factor of 3 to include allowances for individual variation in susceptibil-
ity. On the basis of this, they concluded that a level of 80 ug AZA/kg shellfish should result in no
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appreciable health effects. They added that the risk assessment was based on several assumptions
and therefore cannot be certain that this represents the true LOEL. However, when the WG gave its
recommendation for a regulatory limit for AZAs, a regulatory level of 160 ug AZA per kg shellfish
meat was proposed in order to allow for detection by an MBA. Furthermore, the WG said that when
standards become available, LC-MS should be used to control AZAs, and the limit of 80 pg/kg
should be reevaluated when new toxicological data becomes available.

The Expert Consultation in 2004 [3] also used 23 ug AZA per person as the LOAEL. Because of
the small number of people involved in the episodes, a safety factor of 10 was used to calculate an
ARID of 0.04 ng/kg body weight (2.4 ug per adult), assuming a body weight of 60 kg. The derived
GL of AZAs in shellfish, depending on the portion size, would be 24 ug/kg (100 g), 9.6 ug/kg
(250 g), and 6.3 pg/kg (380 g).

The EU WG in 2005 [4] agreed with the choice of the lowest LOAEL of 23 g per person in
accordance with the two previous international risk assessments [2,3]. Owing to the lack of reports
on AZP in recent years in spite of marketing of considerable quanta of mussels with AZA at levels
close to the current EU regulation of 160 ng/kg, a safety factor of 3 was suggested. The resulting
ARID is 8 ug AZAs per person, in correspondence with the recommendation from the EU WG in
2001 [2]. However, the EU WG in 2005 [4] recommended use of the more appropriate portion size
of 250 g instead of 100 g, for deriving a GL of AZAs in shellfish at 32 pug/kg shellfish meat.

In 2006, the Food Safety Authority, Ireland, undertook a reevaluation of the risk assessment of
AZAs [38]. Owing to the most recent information about distribution (AZAs accumulate in the diges-
tive gland), effects of cooking (steaming of raw mussels result in a twofold increase of AZAs), and
ratios of AZA analogues in mussel [39], the revised LOAEL associated with AZP is estimated at
between 50.1 pg and 253.3 pg/person, with a median of 113.4 pg/person. The Food Safety Authority
of Ireland (FSAI) applied a safety factor of 3. The size of the safety factor is based on the following:
The interindividual safety factor of 10 is subdivided into toxicokinetics (factor 3.2) and toxicody-
namics (factor 3.2) [40]. Since the AZAs exert toxicity mainly in the gastrointestinal tract, and it is
assumed that metabolism of the toxins is not necessary for toxicity, a safety factor of 3 is appropri-
ate. Furthermore, they applied the median LOAEL (113.4 pg/person) instead of the lowest LOAEL
(50.1 pg/person) in calculating the ARfD of 0.63 pg/kg bw (38 pg/person). The derived GLs for
AZAs in shellfish with a recommended portion size of 250 g would be 151 pg/kg shellfish meat (and
378 ug/kg for a consumption of 100 g).

If one applies the same principle as in the three international risk assessments, one should use
the lowest LOAEL for calculating the ARfD. With a safety factor of 3, this would give an ARfD of
16.7 pg/person or 0.28 pg/kg bw (assuming adults weighing 60 kg). The derived GLs of AZAs in
shellfish would be 66.8 pg/kg (250 g) or 167 ug/kg (100 g).

1.3.5 NEeuroTOXIC SHELLFISH POISONING TOXINS

Hazard identification: Neurotoxic shellfish poisoning (NSP) has primarily been reported from
the Gulf of Mexico, the southeastern coast of the United States, and from New Zealand [3]. The
syndrome is associated with consumption of bivalves that have accumulated the so-called brevetox-
ins from primarily dinoflagellates of the genus Karenia. In addition, brevetoxins are also reported
associated with rhaphidophytes (Chattonella spp.). The brevetoxins are cyclic polyethers, grouped
according to their backbone structure into types A and B (for chemistry, see Chapter 24 or 25). The
most abundant type A-toxins are PbTx-1 and PbTx-7, while the principal B-types are PbTx-2, PbTx-
3, and PbTx-9 [41]. PbTx-2 is the most abundant analogue from Karenia brevis. In oysters, B-type
toxins appear in much higher concentrations than toxins from the A-type. Brevetoxins are metabo-
lized to some extent in shellfish, and the metabolites may contribute to the toxicity.

The NSP symptoms are nausea, diarrhea, and abdominal pain, in addition to neurological symp-
toms like paresthesia beginning within minutes to hours after consuming shellfish. In addition, inha-
lation of aerosols containing brevetoxins may induce reversible upper respiratory syndrome [3].
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Hazard characterization: Animal studies show that brevetoxins are rapidly absorbed from the
gastrointestinal tract and are distributed in the whole body. When rats were exposed orally for
sublethal doses of PbTx-3, the highest concentration was found in the liver up to 8 days later [42].
Excretion was about the same in urine and feces.
Their mechanism of toxic action is via binding to the alpha-subunit of voltage-gated sodium chan-
nels. The result is depolarization of neuronal membranes due to increased influx of sodium ions [43].
The acute toxicity of two of the most important brevetoxins in mice is as per the following [44]:

1. Oral LDsy: PbTx-2: 6600 ng/kg body weight; PbTx-3: 520 pug/kg
2. Intraperitoneal LDs,: PbTx-2: 200 pg/kg; PbTx-3: 170 ug/kg

Information on possible subchronic or chronic toxicity including carcinogenicity of the breve-
toxins is lacking [3].

Observations in humans: Neurotoxic shellfish poisoning (NSP) associated with consumption of
shellfish comprise oysters and clams, in addition to other filter feeders [3]. Those intoxicated, devel-
oped symptoms like nausea, diarrhea, and abdominal pain, in addition to one or several neurological
symptoms (paresthesia, vertigo, and lack of coordination). The onset of NSP symptoms is between
minutes and a few hours. There are no reports of fatalities associated with NSP, but some patients
have needed respiratory support. The NSP symptoms are reported to resolve few days after the
intake of infested shellfish.

During an episode of NSP in North Carolina in 1987, about 50 persons were taken ill following
consumption of cooked and raw oysters. According to Morris et al. [45], 23% reported gastroin-
testinal symptoms and 39% reported neurological symptoms. The symptoms had rapid onset and
lasted for only few days. Unfortunately, there are no quantitative data on the levels of brevetoxins
associated with NSP. According to Expert Consultation [3], one NSP episode was associated with
the consumption of 100-150 g clams at 120 ug PbTx-3 eq./100 g, indicating an intake of 2-3 ug
PbTx-3 eq./kg body weight, but other brevetoxins may have contributed to the symptoms.

Risk characterization: Brevetoxoins were evaluated by the FAO/IOC/WHO Expert Consultation
[3]. However, the Expert Consultation decided that there are currently insufficient data to complete
a risk assessment and establish an acute reference dose for brevetoxins. There are uncertainties
about the true exposure for the different analogues and metabolites of brevetoxins associated with
the reported NSP episodes.

The brevetoxins have not been subject to risk assessment by European expert groups so far.

Today, NSP toxins are regulated in the United States and a few other countries, based on i.p.
injections in mice (the so-called APHA protocol). The regulatory level in shellfish is 20 MUs/100 g
shellfish meat, which equals 80 pg PbTx-2 equivalents [3].

1.3.6 BRrIer DescriPTION OF GROUPS OF SHELLFISH TOXINS WITHOUT
PrROVEN EFrecT TOWARD HUMANS

1.3.6.1 The YTX Group

Yessotoxins (YTXs) were discovered in shellfish extracts together with toxins from the OA group in
1987 [46]. Since the YTXSs contribute to the outcome of the MBA for DSP toxins, they were initially
included in the DSP toxin complex. The main producer of YTXs is the dinoflagellate Protoceratium
reticulatum. YTXs are detected in bivalve mollusks in many parts of the world, like Japan, New
Zealand, Australia, Canada, Norway, Italy, and the United Kingdom [3]. Many analogues of YTX
are described, and new ones are frequently reported.

Data on acute i.p. toxicity are available for YTX and eight analogues [3] (for chemistry, see
Chapter 13). The LDs, or lethal dose values for YTX varies between 100 and 750 pg/kg body
weight. This is partly explained by possible differences in susceptibilities between mouse strains
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and gender, but, in addition, purity and stability of the toxin molecule may play a role. The i.p.
toxicity of the other analogues for which information is available, is in the same range. However,
relative toxicities of the analogues compared with YTX cannot be established with precision, since
the reported LDs, for YTX varies so much.

YTX is much less toxic via the oral route. This is explained by low absorption from the gastroin-
testinal tract and that the gastrointestinal tract is not the target organ of YTX toxicity. In a short-term
study, mice were treated by gavage 7 times within 3 weeks with YTX at 1, 2.5, or 5 mg/kg body
weight [47]. No pathological changes were recorded in the animals even at the highest dose.

YTX appears to affect isolated cells by multiple mechanisms [3]. However, the YTX group toxins
are not inhibitors of protein phosphatases at realistic dose levels, and they do not induce diarrhea.

There are no reports of human intoxications associated with intake of YTXs [3].

Risk assessments: The European WG on Toxicology in 2001 [2] concluded that the YTX
group does not belong to the DSP complex. A NOAEL for YTX by single oral administration
(gavage) was estimated at 1 mg/kg body weight based on a recent study [48]. Because of the lack of
information on repeated administration of toxin and a high risk factor recommended by WHO for
substances that injure cardiac muscles, a safety factor of 600 was chosen. By using the traditional
portion size of 100 g shellfish meat, the WG [2] recommended an allowance level of 1 mg YTX-
eq./kg shellfish meat. This is today’s regulation in the European Union.

The FAO/IOC/WHO Expert Consultation in 2004 [3] applied the most recent data from repeated
oral gavage of YTX, indicating a NOAEL at 5 mg/kg body weight [47], and used a safety factor of
100, establishing a provisional ARfD of 50 pg YTX-eq./kg body weight. The derived GL in shellfish
would be 12 mg YTX-eq./kg for the recommended portion size of 250 g.

The EU WG in 2005 [4], came to the same conclusion as the Expert Consultation [3] concern-
ing the NOAEL from the animal study with repeated oral exposure [47]. They used the same safety
factor of 100, and established an ARfD at 50 pg /kg body weight. Since the derived GL is very high
(12 mg/kg shellfish meat at the recommended portion size of 250 g) compared with reported levels
of YTXs in shellfish, the WG [4] alternatively recommended deregulation of the YTX group.

The YTXs have contributed to closures of harvesting in several countries (Italy, Japan, Norway)
on many occasions due to today’s regulatory level (1 mg YTX-eq./kg in the EU). According to the
recent risk assessments, the GL for YTX group toxins is far too strict.

1.3.6.2 The PTX Group

Like the YTXs, the pectenotoxins were discovered when using the MBA for DSP toxins on shellfish
extracts. The PTXs always appear together with toxins from the OA group since they are produced
by the same dinoflagellate genus, Dinophysis. PTXs are detected in dinoflagellates and/or bivalves
in several parts of the world, like Japan, New Zealand, Australia, Portugal, Spain, and Norway [3].

The main pectenotoxin in the dinoflagellates is PTX-2, while several analogues are detected
in shellfish, presumably due to metabolism [49,50] (for chemistry, see Chapter 16). According to
the Expert Consultation [3], the i.p. toxicity of the most important PTXs, PTX-2, PTX-1, PTX-3,
and PTX-11 is in the range 219-411 ug/kg body weight, while similar value for PTX-6 is
500-770 pg/kg. The liver appears to be the main target organ upon i.p. injections of PTX-2 and
analogues. PTX-2 is readily converted to PTX-2 seco acid (PTX-2 SA) by enzymes in the hepato-
pancreas of shellfish [51]. The i.p. toxicity of PTX-2 SA is much lower, compared with PTX-2
(>5000 pg/kg body weight).

The information on the acute toxicity of PTX-2 and analogues in mice by gavage is conflicting,
but according to the Expert Consultation [3] it is much lower than their i.p. toxicities (>5000 pg/kg
body weight). Studies suggest that PTX-2 and PTX-2 SA are poorly absorbed from the gastrointes-
tinal tract.

Little information is available on the mechanism of toxic action of PTXs but they do affect the
cytoskeleton [2]. However, they are not inhibitors of protein phosphatases, and, according to the



Risk Assessment of Marine Toxins 15

Expert Consultation [3], they do not induce diarrhea, in spite of a few studies reporting such effects
in experimental animals.

There are no reports proving toxicity in humans associated with exposure to toxins from the
PTX group (EC 3).

Risk assessments: When pectenotoxins were evaluated by the WG on Toxicology in 2001 [2],
some of the information from experimental studies in mice available to the WG indicated that oral
toxicity of PTX-2 was almost at the same level as via the i.p. route [52]. On the basis of this, the
LOAEL of PTX-2 orally was estimated at 250 pug/kg body weight. A factor of 10 was applied to
convert from LOAEL to NOAEL. From this value (NOAEL 25 pg/kg body weight), a safety factor
of 100 was applied to reach a safe exposure level for man, at 0.25 ng/kg body weight. Consequently,
a derived allowance level of 15 pg/kg shellfish meat was recommended, assuming adults weigh-
ing 60 kg. However, since the MBA was the only method of detection of PTXs at that time, it was
concluded that PTXs and OA group toxins would be controlled together using a combined level of
160 pg/kg as OA-equivalents. It was stated that as soon as other methodologies became available,
this limit should be reevaluated [2].

According to the Expert Consultation in 2004 [3], the pectenotoxins are considered far less toxic
orally compared with the i.p. route (>5000 pg/kg orally against 219411 pg/kg i.p.), even though
the data are conflicting. Owing to the lack or data on repeated oral exposure, the Expert Consultation
concluded that there was insufficient data from animal studies to establish an ARfD for the PTX
group. However, based on a crude estimate of human exposure to PTX in shellfish (estimated intake
level 200 g shellfish meat) from Canada and Norway (0.6 and 1.6 ug PTX-2-eq./kg body weight,
respectively), they found that the MOE between humans and toxicity in mice by gavage is on the
order of 3100-8000 times.

Pectenotoxins were also evaluated by the European WG in Toxicology in 2005 [4].

The experts were presented with the deviating results from Japan and New Zealand on oral tox-
icity of PTXs. According to the results from New Zealand, oral administration of PTX-2 and PTX-2
SA at 5000 ng/kg body weight had no toxic effect. In contrast, results from Japan indicated induc-
tion of diarrhea in mice receiving 2000 pg/kg PTX-2 by gavage. Furthermore, histological changes
were observed in stomach, liver, lung, and kidneys at 1500 pg/kg. The NOAEL from this study was
300 png/kg body weight.

According to the EU WG in 2005 [4], the reason for these different findings should be further
investigated. In the meantime, the WG participants felt they should apply the worst-case scenario,
based on an oral NOAEL of PTX-2 at 300 ug/kg body weight. By applying a safety factor of 100,
and assuming a portion size of 250 g shellfish meat, the WG recommended a GL for PTXs at 720 ug
PTX-2-eq./kg shellfish meat. Because of low toxicity, PTX-8, PTX-9, PTX-10, and the seco- acids
should be excluded from regulation.

Owing to the high acute i.p. toxicity of PTXSs, and their appearance together with toxins from
the OA group, they may result in false positives in the MBA. This MBA was originally established
in Japan for control of DSP toxins. From a scientific point of view, PTXs should not be recorded as
OA-equivalents since the term toxic equivalents is useful for summarizing the total toxic potential
of analogues within a group of toxins with similar mechanisms of action, and OA and PTX group
toxins act via different mechanisms.

If PTX group toxins are regulated in the future, a GL in PTX-equivalents should be established,
based on an estimated ARfD.

1.3.6.3 The Cyclic Imine Group

The cyclic imine group includes several toxins, like spirolides, gymnodimin, pinnatoxins, pteriatox-
ins, and others (EC 2004) (for chemistry, see Chapter 26). Toxins from this group were discovered
owing to their very high acute toxicity in the MBA for DSP toxins. They are fast acting, leading
to death within minutes upon i.p. injections. Few data are available on the toxicokinetics of these
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toxins. However, it seems that they are rapidly excreted or metabolized to less toxic compounds
since rapid recovery is seen in mice following sublethal doses [53,54].

The i.p. LDs, of gymnodimin is about 100 pg/kg body weight, while similar value by gavage is
about 755 ng/kg, and by feeding >7500 ug/kg [55].

There are several groups of spirolides. By far the most toxic is desmethyl spirolide C. Its LDs,
value is 5-8 ng/kg by the i.p. route. Via gavage, its LDsj is about 160 pg/kg and for exposure via the
feed it is about 500 pg/kg in fasted mice and 1000 pg/kg in nonfasted mice [53]. Less information
is available about the other cyclic imines.

For those toxins for which data on toxicity in animals is available, the symptoms of intoxication
are similar, with death due to respiratory arrest.

Little information is available on chronic toxicity of cyclic imines [3].

The imine function is essential for the toxicity of the cyclic imines. According to Hu et al. [56],
the imine ring is easily opened at low pH or upon enzymatic hydrolysis. Since the pH in the human
stomach is much lower than in mice (pH 1-3 compared with 3-5), it is speculated that spirolides
may undergo hydrolysis to less toxic compounds in humans.

No information of harmful effects is documented on human exposed to gymnodimin, spirolides,
or pinnatoxins in shellfish [3].

Risk assessments: The Expert Consultation [3] considered that the database was insufficient to
establish an acute reference dose for cyclic imines. However, the Drafting Group for cyclic imines
to the Expert Consultation suggested ARfDs based on LDs, from feeding experiments in mice; For
gymnodimin the NOAEL by feeding was >7500 pg/kg body weight. By applying a safety factor of
100, an ARfD at 75 pg/kg body weight was suggested; For desmethyl spirolider C, the LDs, by feed-
ing was 500 or 1000 pg/kg body weight, depending on whether the mice were fasted or not before
toxin exposure. The Drafting Group considered nonfasted mice the most relevant to humans, and by
applying a safety factor of 100, an ARfD at 10 ug/kg was suggested.

The cyclic imines were also evaluated by the European WG in 2005 [4]. For gymnodimin, a
NOAEL from acute toxicity of gymnodimin by feeding at 7500 pg/kg [55] was used, and by apply-
ing a safety factor of 100, an ARfD at 75 ug/kg body weight was suggested. Considering a portion
size of 250 g shellfish meat, and an adult weighing 60 kg, the derived GL would be 18 mg gym-
nodimin/kg shellfish meat. However, in view of the high GL and the absence of problems in humans
consuming shellfish with gymnodimin, the WG agreed that gymnodimin should not be regulated, or,
alternatively, at 18 mg/kg shellfish meat.

For the spirolides, the WG used the level 500 pug/kg body weight of desmethyl spirolide C from
feeding experiments [53]. Owing to the high acute toxicity of this group, a safety factor of 300 was
applied, reaching an ARfD at 1.67 pug/kg body weight. The derived GL in shellfish, assuming a
portion size of 250 g and an adult weighing 60 kg, is 400 ug/kg shellfish meat. The WG agreed to
recommend regulation of spirolides at this GL to the European Union.

Data on differences in acute toxicity between gavage and feeding are only available for the very
acutely toxic cyclic imines. According to Munday et al. [53,55], there is evidence that the high
estimate of the acute toxicity by gavage of rapidly absorbed, fast-acting toxins is an artifact. This
important issue should be examined further, including less rapidly acting toxins.

1.4 FINAL REMARKS

Traditionally, MBAs have been used for controlling levels of marine algal toxins except for the DA
group. The intension has been to protect the consumers, and this seems to work reasonably well for
the STX group since they all act via the same mechanism, blocking of the voltage-gated sodium
channel in cellular membranes, even though the potency of the different analogues varies greatly.
For the heterogeneous lipophilic toxins, the picture is more complicated, since it comprises several
toxin groups with differing mechanisms of toxic action. Some groups exert primarily toxicity in
the gastrointestinal tract (OA- and AZA-group toxins), while other groups act in other organs, and,
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consequently, depend on toxicokinetic factors like absorption and distribution in order to induce
intoxications via normal exposure through food (PTX, YTX, cyclic imine groups). In the latter case,
an MBA, based on i.p. injections, will very often overestimate the toxicity in humans.

However, when the methods of analysis are shifted from MBAs to alternative methods, there is
need for information about relative toxicities (TEFs) of all toxic analogues within each toxin group.
With that information, the total toxicity of each toxin group can be expressed in equivalents (TEQs)
by the “signature” toxin for the group, STX-eq., OA-eq., AZA-1-eq., and so on. For analogues
where this information is lacking, a relative toxicity of 1 may be applied in the interim.

Today, most information on relative toxicities is based on i.p. injections in mice. It is important
to gain information on whether similar relative toxicities exist by the oral route.

Another important issue is whether mixtures of toxins from different groups interact in the con-
sumer if they are present simultaneously or within a short time span. The MBA for lipophilic toxins
is not useful for evaluating possible interactions between different toxin groups since the exposure is
via the i.p. route. Consequently, experimental studies are urgently needed to address the question of
possible interactions between toxin groups via the oral route. During the European WG in Cesenatico
2005 [4], Professor Takeshi Yasumoto referred to preliminary studies with oral exposure of mice to
combinations of OA and PTX-2, indicating enhanced toxicity. Similar experiments are ongoing in
Italy, concerning OA and YTXs. At our laboratory in Oslo, in collaboration with Marine Institute,
Ireland, and AgResearch, New Zealand, studies have started on possible interactions between the
AZA group and YTX- and PTX-toxins. One important issue is to study whether toxins damaging the
gastrointestinal tract (OA and AZA group toxins) may enhance the absorption of toxins like YTXs
and PTXs by changing the toxicokinetics, rendering them toxic via the oral route as well.

If results from studies of combined exposures document additive or synergistic toxicity, this has
to be considered when establishing GLs for marine biotoxins in the future.
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2.1 INTRODUCTION

Marine toxins pose significant threats to human health through contaminated seafood. Accumulation
of toxins in molluscan shellfish from hazardous algae is well researched, and other seafood such
as reef fish, crabs, and tunicates can also be affected. Particular phytoplankton blooms can directly
affect humans exposed to toxic algae through swimming or aerosols, or cause severe ecological
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disruption through widespread killing of sea life including marine mammals. Management systems
are in place in most countries to reduce risks to consumers of seafood, and regulations have been
promulgated governing maximum acceptable levels of some toxins. Monitoring to enforce the regu-
lations is generally based on regular coastal samplings with testing of water for toxic phytoplankton
and testing of seafood (generally shellfish) for marine toxins.

A wide diversity of marine toxins have been discovered, but the ones of major significance to
seafood belong to ten classes. Table 2.1 summarizes these toxin groups, their causative algae, and
the most widely used classes of test methods. More detailed reviews of the chemistry, analysis, toxi-
cology, and occurrence of these toxins are available in a Food and Agricultural Organization (FAO)
monograph on marine biotoxins' and the reports from a joint FAO/IOC/WHO expert consultation
held in Norway in 2004.

Before 2004, regulatory testing internationally was almost exclusively based on small animal
bioassays. The exception was for the domoic acid (DA) group where liquid chromatography-
ultraviolet absorption (LC-UV) methods were well accepted. Although a wide variety of alterna-
tive methods have been developed for marine biotoxin analysis, in practice, most of these methods
remain research tools that cannot meet the often rigid criteria set by regulatory authorities. However,
there is widespread recognition that a high degree of reliance on animal bioassays is unsatisfactory.
The deficiencies can be summarized under the following headings (the 4-Ss):

e Sensitivity: Detection limits are at, or even above, regulatory limits. False negatives are
common, although often not recognized. No early warning.

e Specificity: Causal toxins cannot be identified and individually quantified. False positives
are also common.

® Speed: Protocols for lipophilic toxins are lengthy, resulting in low sample throughput and
slow reporting.

o Sustainability: Killing of animals for routine QC of food is unethical if alternatives exist.

Criticisms of mouse bioassays have been greatest for the diarrhetic shellfish poisoning (DSP)
protocols.>* The Association of Official Analytical Chemists (AOAC) paralytic shellfish poisoning
(PSP) assay for saxitoxins and American Public Health Association (APHA) neurotoxic shellfish
poisoning (NSP) assay for brevetoxins also have limitations with respect to their sensitivity, specifi-
city, sustainability, and validation. There is wide-ranging debate within the European Union (EU)
on the status of these assays in relation to the 3-R goals of Reduction, Refinement, and Replacement
of animal testing.*> These animal assays are screening tests that cannot have the status of refer-
ence methods within the hierarchy established for regulatory methods by Codex Alimentarius.®
The technical and regulatory constraints in regard to marine biotoxins remain profound, with only
slow progress being made toward alternative methods being fully accepted into national legisla-
tions. Many marine biotoxin-monitoring programs now make use of instrumental or immunoassay
methods, but the formal clearance of food lots generally remains based on the results of animal
bioassays.

The EU and the United States have strongly influenced international regulation of marine bio-
toxins because of their importance as major producers and importers of seafood, and through the
comprehensive nature of their food safety legislations. The EU legislation governing testing for
marine biotoxins’ is rather prescriptive in nature, with the details of required test methods and pro-
tocols being specified. This is in contrast to other areas of food testing such as veterinary drug res-
idues where the EU requirements for regulatory methods are for performance-based criteria to be
met. The report of the joint ECVAM/DG SANCO Workshop held in Italy in 2005° provides a sum-
mary of the EU regulatory framework and the key pieces of current legislation governing bivalve
mollusks. The wide-ranging recommendations from this meeting reflect the urgency of the task to
replace animal bioassays and the many technical issues that must be addressed. In the United States,
the AOAC International through its official methods program has set many standards for meth-
ods used internationally for food testing, including those for marine biotoxins. In 2004, AOAC
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established an International Task Force on marine and freshwater toxins with specific goals to
advance new methods of analysis toward official acceptance through validation and collaborative
studies.® This has resulted in methods for saxitoxins by LC and DA by enzyme-linked immunosorb-
ent assay (ELISA) recently receiving AOAC first action status following evaluation of data from
collaborative studies,”'” the first such new methods for marine biotoxins to be accepted by AOAC
for many years.

This review summarizes some key technical aspects influencing the scope, validation, and
acceptance of new test methods for marine biotoxins. The coverage of these topics reflects the
complex and changing nature of the field and the need to protect the health of consumers through
seafood testing that meets suitable performance criteria.

2.2 METHODS OF ANALYSIS WITH EXAMPLES FOR YESSOTOXINS

Techniques that form the basis for methods of analysis for marine biotoxins can be grouped under
five broad headings, with some distinctive subsets:

In vivo animal bioassays—mouse (intraperitoneal injection, i.p.); rat (oral)

In vitro cell assays—cytotoxicity; ion channel activated; red blood cell haemolysis

In vitro functional assays—receptor binding; enzyme inhibition/induction
Immunoassays—ELISA; lateral flow immuno-chromatography (LFIC); surface plasmon
resonance (SPR)

5. Chromatographic assays—thin-layer chromatography (TLC); LC with UV, fluorescence
(FL) or mass spectrometric (MS) detection

e

Examples of these classes can be found for all the toxin groups. Each technique has advantages
and disadvantages, which can only be fully evaluated in the context of how they are to be applied. The
4S factors discussed earlier must be taken into account as well as the scope (toxins and matrices), vali-
dation status, pathway to full regulatory acceptance, and cost-effectiveness. Within each subclass,
for example, LC-MS methods for lipophilic toxins, there are different approaches leading to a range
of available protocols. For routine monitoring programs, an integrated suite of methods is needed
that provides efficient coverage of all required toxins. If screening methods are being used, then
suitable confirmatory methods are also required.

Yessotoxins (YTXs) represent a relatively new toxin class where methods of analysis have been
required for integration into monitoring programs. In 2002, the EU set the regulatory limit for YTXs
in shellfish whole flesh as 1 mg/kg expressed as the sum of YTX and homoyessotoxin plus their
45-hydroxy metabolites. This limit has been adopted in some other countries. Recent toxicologi-
cal data may result in the risks from YTXs being downgraded and the regulatory limits raised.'""'?
Nevertheless, this toxin class still provides many interesting examples of the types of technical
issues that must be addressed in developing and validating methods for a complex new class of tox-
ins. The following sections review the published methods for YTXs with particular attention to their
performance characteristics for use as regulatory methods.

Analysis is conventionally divided into extraction, cleanup, and detection phases. All have
proved problematic for YTX and its analogues due to their unusual chemical structures and proper-
ties (large lipophilic polyethers with hydrophilic sulfate groups). Exhaustive extraction is required
for high recoveries from contaminated shellfish tissues, and the compounds have unfavorable
solvent partitioning properties. The deficiencies of animal assays have led to a wide range of
research into more specific detection techniques. Concomitantly, the diverse chemistry and shellfish
metabolism for YTXs have been revealed and more detailed toxicological studies completed. This
has led to reevaluation of regulatory limits and the target analytes.” The lack of analytical standards
hampered earlier work, and the development of certified reference materials (CRMs) was an impor-
tant prerequisite for recent work on analytical methods.
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2.2.1 Mouske BioAssAYS FOR YESSOTOXINS

Mouse bioassay is defined in EU legislation as the reference method for enforcement of the 1 mg/kg
limit for YTXs.'? Relatively low levels of YTX cause rapid death times and give misleading indica-
tions of high levels of DSP toxins—okadaic acid (OA), dinophysis toxins (DTXs), pectenotoxins
(PTXs5), or azaspiracids (AZAs). These responses led to the initial discovery of YTX.' The rela-
tively nonspecific nature of the toxic response by the i.p. route cannot reliably distinguish YTXs
from other lipophilic toxins such as the DSP toxins or fast-acting toxins such as gymnodimine and
spirolides. Mouse bioassay screening methods for DSP toxins in shellfish are based on the Yasumoto
protocol using acetone extraction followed by partitioning with diethyl ether'>™'” or dichlorometh-
ane.'® These methods have not been validated for YTXs. Double extraction with acetone is assumed
to be effective at recovering most of the YTXs along with other lipophilic toxins and lipid mate-
rial. However, no performance data has been reported for this step. Partitioning YTX from aqueous
solution requires polar solvents. Butanol was used in the initial preparative studies.'* Recoveries of
YTXs from shellfish in the partitioning steps with diethy] ether or dichloromethane were low'** and
likely to be variable due to effects of microemulsions. Mice subjected to i.p injections of YTX were
restless and exhibited jumping before death.?'*? Although these symptoms are different to those
from DSP toxins, other neurotoxins and fatty materials can cause similar symptoms. Occurrence
of YTX with other toxins, particularly from Dinophysis spp., is common in shellfish contamination
events involving Protoceratium reticulatum.”~>* The high variability in the measured i.p. toxicity of
purified YTX to mice,? the low efficiency of extraction, and shellfish matrix effects contribute to the
high variability in mouse bioassay results for shellfish extracts containing YTXs."

Revised mouse bioassay protocols for testing whole flesh samples that prepare separate DSP and
YTX fractions for mouse assay have been proposed.'”'*?* Higher recoveries for YTX from mus-
sel tissues have been reported but not specified for a protocol using a chloroform partition.'”** The
detection limit for YTX was approximately 0.5 mg/kg digestive gland. However, chloroform will not
recover the key 45-hydroxy metabolites from aqueous solutions.”® Yasumoto’s revised protocol-1
uses diethyl ether partitioning of crude extracts followed by butanol partition.'® Quantitative recov-
ery was reported for DSP toxins in fraction-1 but only partial recovery of YTX (approximately 50%
in each fraction). Protocol-2 uses methanol/dichloromethane (6 + 4 v/v) partitioning of the crude
extract. The lower dichloromethane layer contained the true DSP toxins, and the aqueous methanol
layer retained the YTXs. In both protocols, the two fractions are bioassayed separately, requiring a
total of six mice per sample. Revised protocol-2 has been proposed as a reference method for DSP
toxins by the EU?” and was implemented in the Italian shellfish monitoring program.

2.2.2 IN ViTrRo CELL AND FUNCTIONAL ASSAYS FOR YESSOTOXINS

Microscope studies on the morphology of treated hepatocytes showed some potential to differenti-
ate toxin groups, including YTX.?® However, studies were limited to pure toxins and extractives
from shellfish have been demonstrated to have a range of cytotoxic effects in the absence of marine
biotoxins.” The cytotoxic response of YTX involves induction of caspases.’* This effect has been
used to devise a functional assay for YTX in contaminated shellfish.*! Immunoblotting was used
to detect a fragment of E-cahedrin from MCF-7 cells that was specifically related to exposure to
YTX. Preliminary validation of the functional assay gave stable calibrations, but quantitative results
for YTXs in shellfish extracts were 40% lower than those from LC-FL analysis. Structure—activity
relationships for production of the E-cahedrin fragment showed that YTX was 15- and 42-fold more
potent than 45-OHYTX and carboxy YTX, respectively.*?

YTX has also been shown to reduce cAMP levels in exposed cells through enhanced phos-
phodiesterase activity.*® This mechanism has been used as the basis for another functional assay
for YTXs.* Phosphodiesterase and anthranloyl-cAMP (fluorescent) were incubated with YTX or
shellfish extracts and the decrease in FL. measured. The rate of cAMP hydrolysis was shown to be
linearly correlated to YTX concentration (0.5-10 uM). Two shellfish extracts gave the same results
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when analyzed by the method and LC-FL within the errors of the methods. The detection limit of the
assay was approximately four times lower than that of mouse bioassay. However, fatty coextractives
were observed to interfere so a change in protocol from acetone extraction and dichloromethane
partition to methanol/water extraction was recommended but not tested with shellfish. A biosensor
for YTX has been constructed by immobilizing phosphodiesterase on a resonant mirror.*> A linear
relationship for ligand binding was obtained over the range 1-15 uM YTX. Preliminary data for
fortified extracts of a mussel h.p. showed high sensitivity and good repeatability (relative standard
deviations, RSDs, 4-15%).

At present, there is limited information about the ability of these in vitro assays to detect other
analogues of YTX, and there is no evidence that the biological responses detected are directly related
to the rapid toxic effects observed when YTXs are injected i.p. into mice. However, functional
assays show promise for screening of YTXs in shellfish-provided assay systems, and protocols can
be developed with stable and reproducible performance.

2.2.3 ELISA AssAYs FOR YESSOTOXINS

An ELISA for YTX was reported as part of a suite of a immunoassays for comprehensive testing of
marine biotoxins.*® The performance of an ELISA for YTXs has recently been reported in detail.’
Polyclonal antibodies were raised in sheep to YTX conjugated on the K ring (nonsulfated “right-
hand” end). High cross-reactivities were obtained for key analogues: YTX (100%), 45-OHYTX
159%, homoYTX 39%, and 45-OHhomoYTX 51%. Several other analogues with modifications
to the side chain also gave high cross-reactivity while the desulfo analogue gave very low cross-
reactivity. The calibration range was 70-1300 pg YTX/mL. The recoveries for YTX fortifications
of whole flesh were 103—118% using a methanol/water (9 + 1 v/v) extraction. The limit of quantita-
tion (LoQ) in shellfish (diluted methanolic extracts) was 0.12 mg/kg. This assay has been further
developed as a kit in a direct competition, 96-well plate format. A preliminary interlaboratory study
(ILS)(4 labs; 3 countries) has been conducted using fortified shellfish samples.38 Mean recovery at
0.5 mg/kg was 111% and reproducibility was 16%.

This ELISA gave consistently much higher estimates of YTX equivalents for extracts of natu-
rally contaminated Norwegian blue mussel samples (Mytilus edulis) than those from instrumental
analysis (LC-MS for YTX) by a factor of greater than 10.>* LC-MS revealed that these sam-
ples also contained 45-OHYTX, carboxyyessotoxin, and hydroxycarboxyyessotoxin. However, the
levels of these metabolites could still not account for most of the immunoreactivity, which were pre-
sumed to be due to the presence of a range of other analogues or metabolites of YTX whose identity
and toxicological significance have yet to be fully evaluated. The high sensitivity of the ELISA has
been used to advantage in studies on the production of YTXs by P. reticulatum.*® Analyses were
conducted on picked cells (1-20 cells) from Norwegian and New Zealand coastal waters and gave
yields of YTXs of 18-79 pg/cell. Analyses of net-haul samples by LC-MS gave a lower estimated
content of YTX per cell than by ELISA. P. reticulatum is known to produce a range of YTX ana-
logues*' ™ that could account for the higher estimates obtained by ELISA. Metabolism of these
analogues by shellfish could also contribute to the higher results by ELISA in mussel extracts.

Although the ELISA has good accuracy and precision characteristics for YTXs, its use in shellfish
monitoring programs will be limited to screening until the relationship of the enhanced responses to
the regulated levels of YTXs is securely established for different shellfish species.

2.2.4 LiQuib CHROMATOGRAPHY WITH FLUORESCENCE DETECTION
FOR YESSOTOXINS

The lack of a strong chromophore has hampered use of LC-UV techniques for isolation or analy-
sis of YTXs. The formation of a fluorescent derivative with the dienophile reagent DMEQ-TAD
is the basis for a useful LC-FL method for analysis of YTX and homoYTX in shellfish and algal
concentrates.*> The method can also detect some other analogues of YTX including 45-OHYTX,
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45,46,47—trin0ryessotoxin,45 and l—desulfoyessotoxin.46 However, the method cannot detect ana-
logues lacking the 1,3-dienyl moiety, such as carboxyYTX. Extraction of 1 g DG from naturally
contaminated shellfish with 9 mL methanol/water 8 + 2 v/v recovered 90% of the YTX in the first
extraction and 10% in the second extraction. The crude extract was cleaned up by SPE and, after
derivatization of the YTX fraction with DMEQ-TAD, a further SPE cleanup was carried out before
reversed-phase LC with fluorescence detection. Each compound yielded two epimeric peaks, and
the calibration with YTX was highly linear. Blank shellfish extracts gave low interferences with
detection limits below 0.1 mg/kg DG. Recovery of YTX from fortified samples was 94% (mean,
0.2-20 mg/kg DG). The repeatability of this LC-FL method for the determination of YTX has been
tested using contaminated Norwegian blue mussel samples.”’ There was good agreement between
duplicates over the range 2-30 mg YTX/kg DG with no significant effect of level on the percent
difference.

The LC-FL method for YTX and 45-OHYX has acceptable performance characteristics
(sensitivity, accuracy, and precision). However, the cleanup steps and LC determination are time-
consuming, and carboxyYTX and toxins from other groups cannot be detected.

2.2.5 LC-MS METHODS FOR YESSOTOXINS

The power of mass spectrometry for detection and structural elucidation has been widely exploited
in the field of novel marine natural products. Initial experiments with YTX used negative ion fast
atom bombardment (FAB).*’ Collisional activation of the molecular anion gave fragment ions of
structural utility dominated by loss of sulfate [M-H-80]" (where M is considered to be the sulfonic
acid form) and a series of cleavages along the polyether ladder. The breakthrough for quantitative
analysis of YTXs was the development of an LC-MS method for separation, electrospray ioniza-
tion (ESI), and tandem mass spectrometric detection (triple quadrupole analyzer) of YTX.*® C18
reversed-phase chromatography with an acetonitrile/4 mM ammonium acetate (80:20 v/v) mobile
phase provided a narrow peak. YTX was insensitive in positive ion ESI, but negative ion ESI pro-
vided high sensitivity for YTX with the molecular anion ([M-H]") being the main peak in the mass
spectrum. The major peaks in the collisional activation spectrum of [M-H]™ matched those from
FAB. Selected ion recording (SIR) on [M-H]™ or selected reaction monitoring (SRM) of the loss of
sulfate both provided excellent signal to noise on a crude extract of contaminated mussel DG. The
extension of this method to a multitoxin format for direct detection of three groups of “DSP” toxins
in shellfish or phytoplankton was reported,* but no precision data was provided.

The reversed-phase chromatography of YTX and analogues can be problematic with tendencies
to variations in retention times and peak broadening.>® Heavily end-capped C8 or C18 column pack-
ings and mobile phases based on acetonitrile/water/buffer have been preferred with approximately
80% acetonitrile being required to elute YTX. HomoYTX generally coelutes with YTX. 45-OHYTX
and other metabolites elute considerably earlier than YTX. The most stable chromatographic per-
formance has been obtained with neutral ammonium acetate buffers.?***>! Use of acidic ammonium
formate/formic acid buffers moves YTX to longer retention times leading to better separation of
analogues, and increased intensity of the [M-H]" ion at the expense of the [M-2H]* ion, and is more
suitable for separation and ESI of a wide range of toxins.”>>* However, the LC retentions of YTX
and analogues have been found to be very sensitive to the buffer composition and to subtle changes
in column packing selectivity. For example, the retention time for YTX linearly changed from
19.2-21.7 min with decreasing ammonium formate concentrations 4-3.1 mM (formic acid concen-
trations 46—47 mM). Lower concentrations of ammonium formate result in very long and unstable
retention times for YTX.

Japanese workers® presented the first validation data for quantitative determination of YTX
with other “DSP” toxins in shellfish using LC-MS. Toxins were extracted with methanol/water
9 + 1 v/v (18 mL with 2 g tissue) and partitioned into chloroform. The lipophilic toxins in the
chloroform phase were separated into two fractions by silica gel-SPE. YTXs in the second fraction
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were analyzed by LC-MS (ESI-, quadrupole) with a neutral buffered mobile phase, and SIR detec-
tion of the molecular anions was used. Calibrations were highly linear (R* >0.997) for YTX and
45-OHYTX over the range 40—-1600 pg injected. Recoveries of YTX from fortified scallop tissues
were 80%—90% (45-OHYTX not recovered). YTX and 45-OHYTX were also separately purified
from the crude methanolic extract using C18-SPE and gave approximately 70% recoveries. Detection
limits for these two toxins were 0.08 mg/kg DG or 0.04 mg/kg adductor muscle. More recently, this
multitoxin method was revalidated by two Japanese groups using more sensitive instruments and
acidic buffer mobile phases.”>® This enabled analysis of crude shellfish extracts without cleanup.
YTX, 45-OHYTX, and a range of other lipophilic toxins were detected in a single 30-min run using
SIR for the [M-H]™ species.

Several other groups have published multitoxin methods that use quadrupole LC-MS to detect
a range of toxins including YTXs. Norwegian workers®’ reported an LC-MS (SIR) method that
determined YTX, 45-OHYTX, carboxyYTX, and several other lipophilic toxins in crude methanol/
water extracts (8 + 2 v/v). A water/acetonitrile gradient with acidic buffer gave excellent separa-
tion of the YTXs. Detection limits were 0.02-0.08 mg/kg, but no other validation or performance
data was provided. A full single-laboratory validation (SLV) has been reported of an LC/MS (SIR)
method for all lipophilic toxins regulated under EU legislation.’' Extraction used 2 g whole flesh
with 8 mL methanol/water (8 + 2 v/v). Using a neutral buffer system with gradient elution, the
analysis was completed in 13 min and gave high precision for key toxins in four shellfish species.
Ion suppression effects necessitated calibration, using standards in shellfish extracts. The LC/MS/
MS (SRM) multiresidue method in routine use in testing New Zealand shellfish has been formally
published, including the results for an in-depth within-laboratory validation and a small interlabo-
ratory study.’****° This method enables relatively large numbers of samples to be analyzed rou-
tinely for a wide range of toxins with low detection limits and high specificity. YTXs are detected
using SRM channels for loss of sulfate from the molecular anions. 45-OHYTX, homoYTX, and
carboxyYTX were calibrated using the linear calibration response factor (RF) for YTX. A single
extraction of 2 g whole flesh homogenate with 18 mL methanol/water 9:1 v/v was used, followed
by a hexane wash to remove lipids. Extractability experiments with contaminated mussel tissues
showed a single extraction recovered 75—-80% of YTXs with significant proportions in second and
third extracts of the pellet. Similar but slightly lower extractabilities were obtained using methanol/
water 8 + 2 v/v but this solvent was much less efficient at extracting AZAs and esters of OA, DTX1,
and DTX2.

Table 2.2 summarizes the characteristics and performance of the four multitoxin LC-MS meth-
ods where validation data was provided for YTX. The methods all were suitable for enforcement
purposes with good recoveries and precision for YTX.

An ILS provided further information on the performance of the method of McNabb et al.>*
Eight laboratories obtained data for eight toxins in the methanolic extracts of three contami-
nated mussel samples.***® Some of the labs had little experience with analysis of YTX and other
toxins by LC-MS. The precision estimates for YTX were repeatability 8—12% and reproduc-
ibility 15-22% with a Horwitz ratio (HorRat) of 1.3 (two extracts, levels equivalent to 2.9 and
1.7 mg/kg). Reproducibility for most of the other analytes was also acceptable based on the
HorRats.

Several groups have used LC-MS with ion-trap mass analyzers for determination of YTX and
analogues, although little quantitative data has been reported.*'=**>3¢%6! In addition to the high sen-
sitivity of ion-traps in full scan mode, sequential collisional activation experiments (MS") can pro-
vide more structural information than conventional MS-MS experiments. For YTXs, the ability to
probe the [M-H-SO3]" ions, which dominate the MS-MS spectra, has been shown to be of particular
utility. A range of novel analogues has been identified in algal extracts of P. reticulatum using these
techniques with ion trap LC-MS. MS" can, in theory, also provide higher degrees of specificity for
quantitative analysis. In practice, no significant increases in signal-to-noise ratio have been dem-
onstrated for analysis of YTXs in shellfish extracts over the large increases obtained in moving
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from SIR (MS) to SRM (MS-MS). YTX and 45-OHYTX were determined in shellfish using ion
trap LC-MS.” Shellfish tissues were extracted with methanol/water 8 + 2 v/v (1 g +9 mL) and the
supernatant concentrated 20-fold for LC-MS. The preferred LC system was an RP amide-C 4 col-
umn using an acetonitrile/water (60:40) mobile phase and neutral buffer. Linear MS-MS calibrations
were obtained for YTX using the loss of sulfate transition from [M-H]™ with a detection limit in a
mussel extract of 30 pg injected (0.003 mg/kg). No accuracy and precision data for fortified shellfish
tissues were reported. Ciminiello et al. extended the range of YTX metabolites tested in shellfish
by ion-trap LC-MS/MS to include 45-OHhomoYTX, carboxyYTX, carboxyhomoYTX, and 42, 43,
44,45, 46, 47, 55—heptanor—41—oxohomoYTX.53 The method was used to confirm the types of YTXs
present in contaminated shellfish samples from the Italian monitoring program. QTOF LC-MS was
used for determination of YTX in picked cells of P. reticulatum and structurally useful MS/MS
spectra obtained.®

Matrix effects are common in LC-MS mainly due to sample coextractives enhancing or sup-
pressing electrospray ionization of analytes. Crude extracts of shellfish tissues (1-2 g/mL) were
reported to suppress ionization of YTX by 10-50%.%'*%3 Matrix effects tend to be very instru-
ment dependant as they are influenced by source design, tuning, state of cleanliness, solvent system,
and LC separation. SPE cleanup reduced direct and indirect interferences for YTX determination.”®
Calibration of LC-MS response using YTX standards prepared in concentrated extract of a blank
scallop did not adequately correct for the approximately 50% suppression of YTX responses for
three other scallop samples.®® It was concluded that it is not always possible to ensure adequate
matching of sample and standard matrices. For this reason, the U.S. Food and Drug Administration
(FDA) does not approve use of matrix-matched standards for pesticide or veterinary drug residue
methods. Standard addition for quantitation of a scallop extract fortified at 0.20 mg YTX/g DG gave
0.213 mg/kg £0.020 (Mean £ SD, n=6) compared to 0.134 mg/kg + 0.014 by external calibration, and
similar improvements were reported for quantitation of other “DSP” toxins.®* Standard addition has
also been used for YTX quantitation.’’ The disadvantages of standard addition are that each extract
requires two LC-MS runs, and the addition of appropriate levels of standards becomes complex
if several toxins are present in the extract. Modern instruments can achieve limits of detection for
YTXs that are very low compared to regulatory limits and therefore use of more dilute extracts has
become feasible. Immunoaffinity columns are commonly used for sample cleanup in the related
field of mycotoxins. Their use for YTX has been suggested.>” The most satisfactory method for
correcting for LC-MS matrix effects is the use of stable isotope labeled internal standards, but these
are not currently available for YTX or other marine biotoxins.

LC-MS methods have proved very satisfactory as alternatives to the LC-FL method*® for pre-
cise analysis of YTXs. There are advantages in the simple sample preparation and wider range of
analogues detected. However, the greater instrument costs can only be justified if LC-MS is used
for quantitative multitoxin analysis where definitive results are obtained for YTXs and a range of
other toxin classes in a single run without the need for further confirmatory analyses. Several such
methods have been developed and validated.’!*°

2.3 VALIDATION OF METHODS AND REPORTING

Although a wide range of analytical methods have been developed for marine biotoxins in seafood,
monitoring programs only use a subset of these methods. The subset of methods recognized by regu-
latory authorities as fit for the purpose of enforcing toxin limits and passing consignments as safe
for human consumption is even smaller. The primary requirement for a method to become accepted
is that it has been adequately validated. Although there are anomalies in the status of some currently
accepted methods, a variety of rather strict validation criteria are now being applied to new methods.
The basis for these criteria is documentation of the performance characteristics of a method to dem-
onstrate that it is fit for the purpose. This is conventionally divided into SLV and ILS phases.
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2.3.1 SINGLE LABORATORY VALIDATION

The requirements for SLVs for analytical methods have been established by Codex® and other
authorities such as Eurachem, AOAC, EU, and International Union of Pure and Applied Chemistry
(IUPAC).**7 Some countries have published specific guidelines for marine biotoxins.®® An SLV is
designed to gather short-term accuracy and precision data and to document a range of other informa-
tion for the performance of a method in a particular laboratory. The general criteria can be grouped
under the following categories:

1. Scope—analytes, matrices, that is, the range of toxins and seafood species
2. Calibrated range—Ilinearity, quantitative concentration range
3. Limit of detection (LoD)—Ilowest level of toxin that can be reliably distinguished from
the blank
4. LoQ—Iimit of determination; lowest level of toxin where quantitative data can be
reported
Repeatability precision—RSD for results on same day with same operator
6. Reproducibility precision (within lab)—RSD for results across different days and differ-
ent operators
7. Accuracy—trueness; closeness of results to the certified or assumed true level (based on
recovery of analyte from CRMs or fortified blank samples)
8. Selectivity—degree of specificity for toxin and freedom from interferences confirmation
criteria—assurance of the identity of the toxin
9. Robustness—degree of insensitivity of results to minor changes in reagents, procedures,
and instrument parameters
10. Uncertainty of measurement—estimate of the confidence intervals for results

b

Within these criteria, there are significant variations in the detailed requirements depending
on the type of method and the end use. For example, the form of the calibration curve and cross-
reactivities are very important for ELISA methods*”® and functional assays.”® For a novel extrac-
tion system or toxin, the recoveries from seafoods with incurred toxin should be tested. CRMs can
be used where available or extractability experiments are performed.>* Seafoods are highly variable
biological matrices and therefore SLVs should gather accuracy and precision data for a range of
relevant species. In the field of veterinary drug residues, the EU puts considerable emphasis on
establishing the decision limits CCo and CC for each analyte. These limits are based on detailed
LoD and precision data and are used to determine whether, with defined probabilities, an analyte
has been detected or a regulatory limit has been exceeded. Such statistically derived decision limits
also have some applicability to marine biotoxins, and it is certainly important that an SLV establish
the method accuracy and precision at relevant concentrations of each toxin including the LoQ and
the regulatory limit. This precision assessment should extend into the area of overall uncertainty of
measurement.

Validation studies must take into account all the above factors while remaining feasible with the
available resources. Some key points regarding the design and execution of SLVs are

1. The method protocol should be clearly defined and documented before initiating the SLV.
It is a common mistake to attempt to combine method development with validation. Not
only are the approaches to these two phases fundamentally different, making significant
changes to method protocols during an SLV is likely to invalidate earlier data and result
in more work being required.

2. The SLV protocol should also be documented before starting. Careful design can reduce
the required work. For example, fortification studies can be used to generate both accuracy
and precision data. The degree of replication may be limited by resources, but method
development may indicate, for example, that different shellfish matrices behave rather
similarly. If an SLV using a minimum of three replicates per matrix proves this to be the
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case, then a better estimate of overall method precision can be obtained by combining the
data across matrices.

3. Techniques such as ELISA and LC-MS can be exquisitely sensitive. However, a marine
biotoxin method does not usually need the lowest achievable LODs. Low levels of toxins
are often expected in samples but often have no regulatory significance, unlike pesticide
or drug analyses. The method should be established, and the SLV precision data gathered,
for levels close to the regulatory limit and at lower levels that might be useful for early
warning, for example, 5-10% of the limit.

4. Execution of the SLV protocol should be planned for a set, relatively short, period.
Adequate resources should be allocated so the SLV can proceed efficiently and smoothly.
Reproducibility data should be gathered on different days, but the aim of the SLV is not
to establish the long-term stability of the method.

5. The results of the SLV should be fully reported. Generally, rather basic summaries of
data (means, RSDs) will be adequate and testing for outliers should not be necessary.
Statistical analyses established for ILS precision data’' can also be useful to separate
within-lab repeatability and reproducibility. Significance tests may be required for some
key robustness experiments, but method development should have eliminated most per-
turbations that could adversely affect reproducibility.

2.3.2 INTERLABORATORY STUDIES

Association of Official Analytical Chemists (AOAC) has a long-standing requirement for ILS data
in the form of a collaborative study before a new method can be accepted for official first action. A
similar requirement is there in EU legislation for methods used to test compliance with food law.?’
The design criteria for collaborative studies have been refined over many years and are broadly
summarized in the harmonized ITUPAC/AOAC protocol’””> and AOAC guidelines.”* The minimum
requirements are for five materials and eight laboratories reporting acceptable data (10—12 partici-
pating labs). Each material is a sample matrix with a certain level of analytes. Two replicates for
each material are usually studied, either as blind duplicates or split-levels (Youden pairs). The set
of materials must be carefully chosen and prepared for the study so that representative matrices and
analyte levels are covered. This is not a trivial task for multitoxin methods to be used with a broad
range of seafoods. The main purpose of most collaborative studies is to establish the interlaboratory
precision characteristics of a method. The study data can be assessed against the norms established
by Horwitz from the precision of a very wide range of analytical methods as a function of analyte
concentration.’* If some materials are CRMs or fortified blank matrices, then the study can also
provide accuracy data. A collaborative study is a major undertaking for the lead laboratory that
prepares the protocols, provides the test materials, and coordinates data analysis. It also requires a
considerable commitment of resources from the participating labs. For these reasons, it is advisable
to ensure a satisfactory outcome for the study by

1. Using a method protocol that has been well optimized, characterized, and documented by
the lead lab.

2. Keeping the study design as simple as possible.

3. Carefully selecting labs based on their commitment and competence as established from
their undertaking elements of an SLV of the method. The main study should not be
designed or used as a laboratory proficiency exercise.

4. Including some practice samples with the materials provided for the study.

As with SLVs, it is unwise to incorporate elements of method optimization or comparison
of methods into most collaborative studies as this could considerably increase both the workload
and the probability that the study will fail to provide precision data that meets ILS statistical
criteria.
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The reproducibility data from a collaborative study is a more robust basis for the uncertainty
of measurement than data from an SLV. However, all significant sources of variation may still not
be included. Calibration is an important potential source of method bias and many biotoxin stand-
ards are of limited availability or uncertain quality (see Section 2.4). If calibration standards are
provided along with the collaborative study materials, then the resulting precision data may sig-
nificantly underestimate the overall measurement uncertainty for the method as used with different
standards.

Two collaborative studies of methods for marine biotoxins accepted by AOAC provide good
examples of appropriate designs:

1. Saxitoxins by LC-FL (Lawrence et al., 2005).” Eighteen participating labs, 9-16 labs
reporting acceptable data (depending on material and analyte). Fifteen materials com-
prising scallop, mussel, oyster, and clam tissues containing incurred saxitoxins and three
fortified mussel samples. The materials were supplied as blind duplicates, and each con-
tained five or more saxitoxins with different congeners and levels. Certified reference
standards from NRC, Halifax, were supplied. The lead laboratory also analyzed the mate-
rials using LFIC immunoassay and mouse bioassay.

2. Domoic acid by ELISA (Kleivdal et al., 2006).'° Sixteen participating labs, 10 reporting
acceptable data. Eleven materials comprising scallop, mussel, and oyster tissues fortified
at two or three levels plus a blank. The fortified materials were supplied as split-level dupli-
cates. A certified reference standard for DA (NRC, Halifax) was provided as part of the
96-well-plate ELISA kits. Four labs also undertook LC-UV analyses on the materials.

A well-executed collaborative study is the best basis for assessing between laboratory precision
of a method. However, this is a costly and time-consuming process that does not directly establish
other important method performance parameters. These one-off studies also do not assess ongoing
laboratory performance, for example, for ISO 17025 accreditation, or facilitate reoptimization of
methods for higher efficiency or to meet changing requirements. These disadvantages have been
recognized for multiresidue testing of veterinary drugs and pesticides in food where more emphasis
is now put on thorough SLVs, internal laboratory quality control systems, interlaboratory sample
exchanges, and proficiency testing. LC-MS methods for marine biotoxins face similar issues. The
pool of qualified labs to draw on for a collaborative study is not large, and there is a wide variety
of instrument models and configurations. For example, what is achievable using crude extracts on
a modern instrument may require cleanup/concentration steps on an older instrument. Although
generic method protocols can be drawn up and tested, uncertainties may remain that make running
a collaborative study a risky proposition. Replacement of animal bioassays would be hastened if cri-
teria for initial acceptance of new methods more closely matched the performance-based approach
used for residue methods.

2.3.3 REePORTING

Marine biotoxin testing can be used for a variety of purposes, but results should always be reported
on a clear and consistent basis that the end user can follow. The EU and Codex have recently agreed
on a set of reporting conventions for data from regulatory testing of foods and feeds.”” These meas-
ures are designed to ensure consistency in interpretation between national and international legisla-
tions, and to align with laboratory accreditation requirements under ISO/IEC 17025: 2005. They
should be followed in the field of marine biotoxins in seafood:

1. Units: SI units should be used for toxin concentrations, both for measurement results
and regulatory limits. The most common and clearly understood unit is mg/kg with
ug/kg as an alternative (there some potential for confusion for the unindicated with the
W symbol. The use of mixed units such pg/100g should be discouraged. A good case
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can be made for use of molar untis e.g. umoles STX equiv/kg, for group toxins with a
common mode of action such as saxitoxins.”

2. Significant figures: Unless legislation provides clear guidance on the number of signifi-
cant figures, “the analyst should report to one more significant figure than is given in the
specification.” The precision of biotoxin methods is unlikely to fully justify application of
this rule for limits that are expressed with two significant figures, for example, OA group
0.16 mg/kg.

3. Measurement uncertainty: Uncertainty as a term in this context of analytical data has
resulted in some confusion. Uncertainty of measurement does not imply doubt about
the validity of a measurement; on the contrary, knowledge of the uncertainty implies
increased confidence in the validity of a measurement result.”® Estimation of this param-
eter is a requirement of the ISO 17025 standard and its complexities are well covered
elsewhere.”’” If one is considering a regulatory limit in legislation, the uncertainty of
measurement should be taken into account. “In practice, the analyst will determine the
analytical level and estimate the expanded measurement uncertainty U at that level, sub-
tract U from the reported concentration and use that value to assess compliance. Only if
that value is greater than the legislation limit can the control analyst be sure beyond rea-
sonable doubt that the sample concentration of the analyte is greater than that prescribed
by legislation.” If seafood consignments are being cleared for commerce and may be sub-
ject to further regulatory testing, then it is prudent not to apply U to test results because,
for a result in the vicinity of the limit, there is a significant probability that another test
could provide a result that exceeds the limit by more than U.

4. Recovery: “When recovery data have been collected using state of the art methods, they
should be included in the result.” This is in agreement with general ISO requirements
and TUPAC recommendations that data should be corrected for known bias.”® However,
international regulations vary in their application of this principle, for example, in general
pesticide residue data is not corrected for recovery while veterinary drug residue data is.
This issue has been considered in relation to uncertainty of measurement.””’® At pres-
ent, the legislation of the United States and EU regarding marine biotoxins makes no
specific reference to correction for recovery, but in terms of consistency it is logical to
correct results if a reliable recovery factor has been established. Although, for example,
arecovery of 97 + 9% is practically a recovery factor of 1.0, the reporting procedures of
the laboratory and interpretation of results by the end user will be more transparent if the
factors are always recorded and applied, independent of their significance.

The following example elaborates the application of these rules:

The common legislated limit for DA in seafood is 20 mg/kg. A small ILS using an LC-UV
method gave a mean recovery for DA of 92% and a result of 20.8 mg/kg + 7.2% (mean = RSD,
n = 6) for a scallop tissue.®’ Assume that this ILS precision with a coverage factor of two is a sound
estimate for U at the regulatory limit and assume an analyst obtains the following raw data for sam-
ples from three lots of scallop: 15.23, 21.13, and 23.78 mg/kg.

Applying the aforementioned rules, this data would be reported, corrected for recovery as

Consignment 1: 16.5 + 2.4 mg/kg—in compliance (16.5 — 2.4 < 20)
Consignment 2: 23.0 + 3.3 mg/kg—in compliance (23.0 — 3.3 < 20)
Consignment 3: 25.8 + 3.7 mg/kg—not in compliance (25.8 — 3.7 > 20)

If the decision is of critical importance, then the laboratory could carry out replicate analyses of the
sample and the uncertainty applied to the mean result would be correspondingly reduced by 1/yn where
n is the number of replicates. In the above example, assume a duplicate analysis of sample 2 gave a mean
corrected result of 22.7 mg/kg. U is now 3.3/y2 mg/kg, and the consignment is not in compliance.
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Although the application of these reporting rules to analytical data is logical, the levels of marine
biotoxins in seafood tend to be highly variable. Therefore, the adequacy of the sample as tested to
represent the lot of seafood in commerce or the marine area being harvested also needs to be taken
into account. These issues of sampling plans and number of units that constitute a sample are further
aspects of food monitoring that need to be considered.”

2.4 CALIBRATION OF ANALYTICAL METHODS

Calibration refers to the procedures used for correlating test method output or response to an amount
of analyte (concentration or other quantity). The characteristics of a calibration function and justi-
fication for a selected calibration model should be demonstrated during SLV and ILS studies. The
performance of a calibration technique and the choice of calibration model (e.g., first-order linear,
curvilinear, or nonlinear mathematical function) are critical for minimizing method bias and opti-
mizing precision. The parameters of the model are usually estimated from the responses of known,
pure materials. Calibration errors can result from failure to identify the best calibration model;
inaccurate estimates of the parameters of the model; errors in the composition of calibration materi-
als; or inadequately studied, systematic effects from matrix components. This section focuses on
the critical issue of the traceability and supply of materials used for calibration of marine biotoxin
methods.

2.4.1 TRACEABILITY

Marine biotoxin testing in seafood should follow the general requirements for traceability estab-
lished by ISO for chemical measurements. Traceability is defined as “Property of the result of a
measurement or the value of a standard whereby it can be related to stated references, usually
national or international standards, through an unbroken chain of comparisons all having stated
uncertainties.”S' These requirements are readily met for the weight and volume components of
methods in laboratories where calibrated balances, pipettes, and so forth are being used. Moving
beyond uncalibrated bioassays, methods must be regularly calibrated for their response to the toxins
of interest. Method protocols specify procedures for preparing a set of calibration standards and
their use in determining a regression line or curve of system response, for example, chromatographic
peak area versus concentration of toxin. The accuracy and traceability of the results of these meth-
ods depend directly on the quality of the reference standards used. Reference materials for chemical
measurements can be divided into four levels.®'%*

2.4.1.1 Primary Standard

A standard with the highest metrological properties and whose value is accepted without reference
to other standards. This generally refers to elements such as metals or to simple salts that are avail-
able in gram quantities of very high purity (100 £ 0.02%) and can be assayed by direct means. It is
not applicable to complex chemicals available only in small quantities such as biotoxins.

2.4.1.2 Certified Reference Material

Formally defined as “A reference material, accompanied by a certificate, one or more of
whose properties are certified by a procedure which establishes traceability to an accurate
realization of the unit in which the property is expressed, and for which each certified value is
accompanied by an uncertainty at a stated level of confidence”®" As pure marine biotoxins are
rare and expensive, a CRM used for calibration is generally a dilute solution of stated concentra-
tion, for example, micromolar, which is traceable in terms of the chemical property (moles) and
volume (liter). Methods for preparing biotoxin CRMs including standard solutions and shellfish



Analysis of Marine Toxins 37

tissues have been described.®*® Novel techniques such as quantitative NMR and LC with chemi-
luminescent detection enable determination of toxin concentrations in solution without the need to
rely on weights for measuring small amounts of toxin of uncertain absolute purity.®” Tissue CRMs
are very useful for quality assurance of methods, especially with regard to accuracy, but are not
recommended for routine system calibration owing to the expense and limited scope. An important
part of the preparation of CRMs is validating the homogeneity and long-term stability of the toxin
concentrations.*

2.4.1.3 Purified Reference Material

For toxins, this generally takes the form of an isolated and purified fraction from biological sources
where the identity and purity of the toxin has been established by appropriate techniques such as
NMR, MS, and chromatography in various forms. A variety of toxins can be purchased from com-
mercial sources, which have stated weights and purities but are uncertified. Such materials are
also frequently exchanged between natural product laboratories and analytical labs. As stated by
Eurachem, “without clear evidence of traceable values of known uncertainty, the adequacy of such
material can only be a matter of care and judgment.”®' With many biotoxins isolated in small quan-
tities, it is difficult to eliminate or quantify associated water and salts. The stability of such materials
during transport and storage are also generally poorly understood. Therefore, purities established
by standard techniques may be optimistic and derived concentrations will have high uncertain-
ties. However, solutions from such reference materials can be accurately calibrated using a suitable
CRM. If the toxin has a strong chromophore with known extinction coefficient, then a purified
reference material, for example, a microcystin, may be directly calibrated by a combination of spec-
trophotometry and LC-UV (to check purity).

2.4.1.4 Laboratory Materials

There are samples or crude extracts containing the analyte of interest but whose concentration has
not been accurately established. For marine biotoxins, such materials may be frozen homogenates
of naturally contaminated seafood, crude or partially purified extracts of such seafood, or of harm-
ful algae. Digestive glands of contaminated shellfish are a source of concentrated toxins and their
metabolites. Such materials cannot be used to calibrate methods of analysis but can serve very
useful functions in method validation and quality control, especially when they contain rare toxins
not readily available elsewhere: (i) Retention times and spectral properties can be established on a
routine basis for LC-UV, LC-FL, or LC-MS methods; (ii) Partially purified extracts can be used for
fortification experiments during method validation and thus establish recovery and precision data;>*
(iii) If concentrations of toxins can be established by reference to CRMs, then the materials can
be used as in-house or interlaboratory reference materials for quality control. Issues such as toxin
stability and homogeneity then become more important.3

2.4.2 SuprpLy OF CERTIFIED REFERENCE MATERIALS

The supply of CRMs for marine biotoxins has been identified as one of the key factors limiting intro-
duction of alternatives to animal bioassays.>* The advent of instrumental methods with the capability
to detect a wide range of toxins and analogues or metabolites has clearly identified the gaps in CRMs.
Although the main toxin in each lipophilic group is now covered, there are some key analogues
where no suitable materials are currently available internationally for use in routine calibration. Only
modest resources have been made available for the effort required to increase the scope and supply
of toxin CRMs despite the magnitudes of seafood trade, expenditure on monitoring, and potential
human health risks and the pressures to eliminate animal testing. There have been long-standing
national efforts at the Japan Food Research Laboratory, important U.S. initiatives for saxitoxins and
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brevetoxins, and smaller short-term initiatives within the EC. However, the CRM Program of National
Research Council of Canada in Halifax (NRC-CRMP) remains the only significant international sup-
plier of a wide range of fully certified marine biotoxin materials.®® NRC-CRMP leverages its modest
resources through collaborations with other groups for the supply of toxins for certification. This has
been a very successful means of speeding up development of CRMs 345

The lack of CRMs for particular toxins not only affects validation and routine calibration of
instrumental methods but is also a severe impediment to the satisfactory validation and implementa-
tion of all forms of quantitative assays. For example, ELISAs or functional assays may be able to
be calibrated using a CRM for the main parent toxin, for example, YTX. But validation must also
securely establish the cross-reactivity to other relevant analogues and metabolites.’” If CRMs are
not available then recourse must be had to less well-characterized materials resulting in significant
uncertainties. These issues extend to toxicological studies. If a CRM is not available to calibrate the
material used for a dosing study, then there will be significant uncertainties in the derived parameters
such as LDs, and lowest observable adverse effect level. These uncertainties will affect the validity of
the regulatory limits established on the basis of such toxicological data. The uncertainty loop is then
closed when analysts cannot accurately calibrate the methods being used to enforce these limits.

2.4.3 Use oF ReLATIVE RESPONSE FACTORS

When using instrumental method with spectroscopic detection (LC-UV, LC-MS), individual
responses from a range of toxin analogues can be observed in samples. The identities of these
may be confirmed using available uncertified materials or spectroscopic data but the concentrations
cannot be verified. Where a particular toxin analogue that has been detected and a CRM is not avail-
able, analysts are faced with difficult decisions. The choices are

1. Do not report the presence of the analogue. This is not a responsible action if the analogue
is of toxicological significance and appears to be present at relatively high levels.

2. Report the presence but not concentration of the analogue. While this is a valid response,
it is likely to directly lead to questions about the significance of the levels.

3. Estimate concentrations of the analogue based on the calibration established using
a purified reference material, if available. This is a common situation, but the analyst
must incorporate the uncertainties regarding the purity/concentration of the reference
material into the expanded uncertainty of measurement of the results. As discussed
(Section 2.4.1.3), these uncertainties are difficult to determine but may be large.

4. Estimate concentrations of the analogue by applying a relative RF to the calibration for
a related toxin established using a CRM. This may be the best expedient if a reference
material is not available or is of highly uncertain concentration.

The following discussion explores the validity of the relative RF approach and issues arising.

Response factor: The sensitivity or analytical system response per unit of analyte as given by
the slope of the linear calibration equation. The calibration curve may be determined using one pre-
cisely determined calibration point, but the analytical responses must be demonstrated to be linear.
Typically the RF for a toxin in a chromatographic system is expressed as peak area/concentration,
for example, as milliAU-sec/uM for LC-UV.

Relative RF (RRF): Ratio of response factors for two compounds. The ratio of the calibration
curve slopes.

If the RRF is known for a toxin analogue and a parent toxin, then the concentration of the
analogue can be accurately determined from its response using the calibration of the parent toxin,
preferably established using a CRM:

C; = A; X RF, X RRF,,

where C;and A; are the concentration and area response, respectively, for the analogue, and RF, is
the response factor for the parent toxin.
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Use of RRFs is an accepted concept in analytical chemistry and has found application in diverse
areas of trace analysis where a full suite of the CRMs required for regular system calibration is not
available, for example, determination of polychlorinated PCBs by GC-MS and fumonisin mycotoxins
by LC-FL.*¥% There are four general scenarios for application of RRFs to marine biotoxin analyses.

2.4.3.1 Use of Small Quantities of Reference Material

A CRM or reliable purified reference material for the analogue toxin is available but in insufficient
quantities for use in routine calibration of the method. In this case, one pair of linear calibrations can
be carried out to accurately determine the RRF to the parent toxin. This RRF can then be routinely
applied to biotoxin testing using the parent toxin calibration. Redetermination at intervals, perhaps
using single point calibration, can establish the stability of the RRF over time. By this means, pre-
cious standard material can be conserved while the contribution of the RRF to uncertainty of meas-
urement can be estimated. The main point to consider is the reliability of the analogue standard, if
it is in such small quantities. Analysis of a tissue reference material can similarly provide data to
estimate an RRF for a toxin analogue. For example, analysis of the mussel tissue CRM MUS-1B
(NRC, Halifax) by LC-MS for OA and DTX1 provided data to justify the use of an RRF of 1.0 for
DTX1 to OA for use in routine testing.>*

2.4.3.2 Use of Literature RF Data

Literature information may be available that enables calculation of an RRF. This is likely to be appli-
cable only to toxins being analyzed by LC-UV where absolute absorption coefficients are available.
For example, tabulated literature data for nine microcystins gave absorption coefficients at 238—
239 nm in the range 31,600-50,400 L/mol/cm (mean 38,500, RSD 17%).90 The main adsorption of
microcystins at 238 nm is due to the conjugated diene in ADDA, and there was no apparent trend in
the observed coefficients with structural modification. Therefore, the variation can be attributed to
experimental errors in the determination of the absorption coefficients and a general RRF of 1.0 can
be assigned among microcystins. LC-UV analyses can be calibrated with a CRM of microcystin-LR
and the RRF of 1.0 applied to peaks for other known microcystins in sample extracts.”! The RSD of
17% for the extinction coefficients could be used as an estimate of the contribution of the RRF to the
measurement uncertainty. The main point to consider is the positive identification of the microcys-
tin peaks. The minimum requirements would be matching of retention times to those in laboratory
reference material, for example, algal extracts and matching of UV spectra (characteristic ADDA
band). Unusual microcystins could also be included if LC-MS/MS identification was available.

2.4.3.3 Use of an Independent Method

An alternative method is used to determine the concentration of an analogue in a material. Reanalysis
by the method of choice will then enable calculation of an RRF to the parent toxin. For example,
certified reference standards are not available for DTX1 and DTX2. These toxins and the “parent”
OA were analyzed in selected shellfish materials by LC-FL and by LC-MS using RRFs of 1.0 to
OA.**? The concentrations of OA, DTX1, and DTX2 by each technique were very similar and the
total toxin amounts for several hundred samples from a Canadian monitoring program were highly
correlated (slope 1.0, R* = 0.955). A good correlation of LC-MS data for DSP toxins to mouse bio-
assay results was found for the Irish biotoxin program.”* DTX2 contributed a high proportion of the
toxicity in many samples. These correlations are ipso facto justifications for use of an LC-MS RRF
of 1 to OA for DTX1 and DTX2.

2.4.3.4 Use of Assumed RRFS

The RRF or an analogue is set based on structural similarity to the parent toxin. This is an expedi-
ent where there is no reliable means to measure the RRF. For example, an RRF of 1.0 to DA for
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LC-UV detection at 242 nm can be assigned for isomers of DA containing the conjugated diene
in the side-chain (in analogy to microcystins). This is the current status of the AOAC protocol for
DA in shellfish with regard to determination of epidomoic acid. Unfortunately, LC-MS ionization
techniques, while of broad applicability to marine biotoxins, do not provide uniform RFs for a wide
range of compounds. Ionization efficiency is very dependant on compound structure. Furthermore,
the instrument design, operating conditions, and solvents/buffers all affect the overall ionization
efficiency and types of ions formed. Only where the structural similarities are very high and the
electrospray environment is very uniform can similar sensitivities be expected for the parent toxin
and an analogue, that is, a RRF of 1.0 might be assumed.

Some indication of the potential magnitude of errors arising from use of assumed LC-MS RRFs
for toxin analogues can be obtained from some comparisons using reference materials. The National
Research Council of Canada CRMP programme has relevant CRMs and the Japan Food Research
Laboratory has prepared a set of reference materials for calibration of methods used in the Japanese
shellfish monitoring programmes.>>*® Some RRF data obtained in three laboratories using these
standards is summarized in Table 2.3. For these instruments using only the parent toxin of each
group for calibration and assuming RRFs of 1.00 for analogues, the bias in results would be less
than 30% for AZA2, AZA3,iDA-C, DTX1, C16-DTX1, PTX1, and PTX6. The bias for 45-OHYTX
would be 10—-40% depending on whether multiple reaction monitoring (MRM) or SIR was used
(RRFs uncorrected for relative abundance of the monitored peaks in the spectra). The magnitude of
these potential biases is not high in the context of other uncertainties surrounding biotoxin testing
in seafood. The low RRF for PTX3 has been explained by the formation of a methyl hemiacetal in
methanolic solutions.

The application of RRFs has not been explored for the LC-FL methods for saxitoxins using pre-
or postcolumn oxidation. The yield of oxidation product and FL RF are very dependent on the toxin
structure and the details of the instrument setup. Therefore, use of RRFs may not be feasible. This is
unfortunate because it is a huge task to prepare and maintain stocks of CRMs for the wide range of
saxitoxin congeners that can be found in seafoods.®*%

Without any independent confirmation, the uncertainty may be high for an assumed RRF and
thus for any derived concentrations. Whether this is acceptable or not should be decided on a case-
by-case basis. Points to consider:

1. The importance of the analogue. If it only occurs in seafood at minor concentrations
relative to the parent toxin, then the RRF will not greatly influence the overall uncer-
tainty of measurement for the summed concentration of the toxin group. For example, in
New Zealand, P. reticulatum produces YTX and not homoYTX, and the predomi-
nant shellfish species accumulates the 45-OHYTX metabolite at only 10-15% the
level of YTX.* Therefore, for the purposes of enforcing the regulatory limit by an
LC-MS method, the use of RRFs of 1.0 for homoYTX and 45-OHYTX makes only a
minor contribution to the measurement uncertainty for the group.

2. The suitability of alternative techniques to provide the required data. For example, mouse
bioassay is designated by the EU as the reference method for lipophilic toxins. However,
the technical and ethical limitations are severe, making it increasingly unacceptable.
Instrumental methods, with judicious use of RRFs, can provide much more defensible
data.

3. Correction of LC-MS RRFs for relative ion abundance. Equal sensitivities for parent and
analogue should initially only be assumed for the total ionization. SIR or MRM tech-
niques will be used for trace analysis of toxins. For SIR, the full-scan spectra of parent
and analogue should be checked. The assumed RRF of 1.0 should be adjusted if the ions
monitored differ in their relative abundances (as % of TIC) due to differences in in-source
fragmentation and adduct ion formation. It is probable that the relative intensities in the
MS/MS daughter ion spectra will vary between parent and analogue. A cross-calibration
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can be carried out by analyzing a suitable material containing both (concentrations not
necessarily known) using SIR and MRM and the peak areas ratios calculated:

RRF_MRManalogue = (MRManalogue X SIRparent)/ (MRMparent x SIR analogue)

4. Precision and recovery data. Validation data can be gathered for toxin analogues
calibrated by RRFs.>* Blank seafood matrices can be fortified with aliquots of semi-
purified extracts of contaminated shellfish or algae containing the toxins of interest.
Comparison to an aliquot spiked into solvent enables calculation of recovery and replica-
tion enables determination of precision. Thus, several key elements of method validation
can be accomplished without a CRM and only minimal revalidation is required when one
comes available.

5. Analytical quality control measures. RRFs should always be used in conjunction with
general analytical QA/QC measures. Precision and other data can be gathered and main-
tained over time on a consistent, comparable basis. Laboratory reference materials in the
form of an extract containing arbitrary levels of all toxins should be used for daily checks
on the retention times and responses. Changes in the response ratio analogue/parent may
indicate instrument perturbations affecting the RRF.

2.5 USE OF SCREENING METHODS

Screening methods can be defined as methods that demonstrate the presence of the toxins of interest
but which, in the form they are applied, cannot provide data to directly enforce compliance with regu-
latory limits. They are generally designed to provide high-throughput, relatively lost cost test results.
A screening method must be backed by an alternative quantitative method that will be applied when
triggered by a positive screen result. The main utility of screening methods is in seafood monitoring
programs where a low proportion of samples are expected to be positive. There are also uses where
field personnel carry out preliminary screening to establish whether toxins are present at levels of
concern for human or environmental health. The important issue of the reliability of the screen test
to fulfill its purpose can only be properly established through a thorough SLV. As part of this, the
trigger level at which quantitative analysis is initiated must be set—not too low to avoid triggering
by inconsequential levels of toxins and not too high to avoid false negatives. The other important
issue to consider when setting up monitoring programs based on screening methods is the efficiency
of the whole testing system. The combinations of screen and quantitative methods must cost-effec-
tively cover all toxins of interest with varying scenarios of nil, low, and high rates of positives while
remaining timely and under quality control. These requirements have proved difficult to meet, and
most shellfish monitoring programs internationally are currently based on direct enforcement of
regulatory limits using a set of accepted methods. Replacement of mouse bioassays is not leading
to widespread use of screening methods because multitoxin instrumental methods can efficiently
provide quantitative data. Use of a marker compound to give a quantitative estimate of the total toxic
residue has limited application to the direct enforcement of regulatory limits for marine biotoxins
in seafoods due to the highly variable and complex nature of the contaminations.’” However, marker
compounds do have utility for screening.

Situations where screening methods are proving useful or have the potential to be more widely
used include

1. LFIC screening for saxitoxins: The Jellet Rapid PSP kit has been validated and shown to
differentiate reliably shellfish containing saxitoxins above or below the regulatory limit of
0.8 mg/kg saxitoxin equivalents.”” However, there are uncertainties about interpretation
of the cutoff point and the effect of different cross-reactivities to saxitoxin analogues. In
several countries, it is permitted to be used only to screen that a shellfish area closed to
harvest should remain closed due to high saxitoxin levels. Reopening must be by mouse
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bioassay. In this case, the main advantage of screening is convenience because the cost is
similar to that of the bioassay. The simplicity of LFIC makes it amenable to use in the field
by aquaculture facilities or environmental health personnel for screening before regulatory
testing in a laboratory is undertaken. LFIC kits are also available for detection of DA.

2. OA/DTX esters (DTX3): Seafood contaminated by DSP contain fatty acid ester forms as
well as free toxins and (as high as 90%—100% by proportion).”® Hydrolysis is used to release
all the OA, DTXI1, and DTX2 to estimate overall compliance with the regulatory limit.
Contamination of shellfish by DSP toxins is almost exclusively caused by Dinophysis
species, which also produce much higher levels of pectenotoxins, mainly PTX2.”
Rapid hydrolysis of PTX2 in shellfish leads to PTX?2 seco acid, which can be sensitively
detected by LC-MS.**! Use of PTX2 seco acid as a marker compound for the onset of
DSP contamination enables LC-MS multitoxin screening of shellfish using a single run
per sample. A second run after hydrolysis of the extract would be required only if PTX2
seco acid was detected.

3. Brevetoxins: Karenia brevis produces a range of brevetoxins dominated by PbTx-2.
Brevetoxins undergo a complex metabolism in shellfish with oxidations, reductions,
and conjugations of the terminal side chain leading to a wide range of derivatives, many
toxic.!”""1% The only approved test is the APHA NSP-ether mouse bioassay. Certified
standards are available for PbTx-1, PbTx-2, PbTx-3, and PbTx-9 but not for BTX-B5 or
any of the conjugates which dominate the toxic residues in contaminated shellfish. Parent
PbTx-2 and PbTx-3 (the primary metabolite and minor parent toxin) have been shown to
be present in shellfish contaminated by Karenia species, although the levels were rela-
tively low.'* The sensitivity of LC-MS is such that of PbTx-2 and PbTx-3 can be detected
in samples contaminated with NSP well below the regulatory limit. LC-MS screening
for these marker compounds is used in the New Zealand monitoring program, because
toxic Karenia blooms are very rare. This has greatly reduced the amount of mouse testing
without compromising public safety.

4. AZAs: AZAs can be readily detected in shellfish using LC-MS. However, they are a com-
plex class of toxins with three major analogues and a range of minor analogues known.'®
They are also relatively rare internationally. A CRM is available for azaspiracid-1.
Therefore, it is convenient for multitoxin screening of shellfish by LC-MS method to use
a single channel for this toxin. In the event of detection of this marker compound, samples
can be rerun by LC-MS to determine a fuller range of the AZAs and thus enforce the
regulatory limit.

5. Ciguatera toxins: There is a long-standing and still urgent need for a simple but reliable
method to screen tropical reef fish for these dangerous neurotoxins.'°'*” Immunoassay
techniques'® could potentially provide a solution but no assay has been fully validated
to meet objective performance requirements. Receptor binding assays and activated cyto-
toxicity assays have been reported with good performance characteristics.'®"!'° However,
these in vitro research assays are not available in rapid screening formats.

2.6  CONCLUSIONS

Adequate method validation is essential to maintain and improve the quality of testing for marine
biotoxins in seafood. Although formal collaborative studies should be conducted where possible,
only a few such studies for new marine biotoxin methods have been completed to international
standards. More emphasis should be put on introducing new methods to regulatory testing based
on thorough SLVs. A range of ongoing laboratory quality control measures, interlaboratory studies,
and proficiency testing rounds can be used to ensure no major biases become entrenched in moni-
toring programs. A wide variety of alternatives to the current unsatisfactory dependence on mouse
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bioassays have been explored. A range of instrumental techniques show satisfactory performance
capability with the sensitivity, specificity, and multitoxin capability of LC-MS being particularly
attractive. Most of the proposed in vitro or functional assays have not yet achieved precision/accu-
racy of analytical quality. ELISAs with excellent precision characteristics are becoming available
for some toxin groups. ELISA and functional assays must establish accurate cross-reactivities for
analogues and securely relate assay responses to regulatory limits. The issues of the availability and
reliability of reference materials are very similar to those for calibration of instrumental analysis.
Enhanced international collaboration is required to meet the continuing need for a wider range of
biotoxin CRMs. The imperative to reduce reliance on mouse bioassays is a strong argument for use
of validated instrumental methods with the judicious use of relative response factors as a transitional
measure in a system of continuous improvement of methods. It is not reasonable to interpret cur-
rent EC legislation for marine biotoxins’ as making it an absolute requirement for introduction of
alternative methods and that CRMs are available for all regulated toxins. This is a suitable long-term
goal, but its achievement is a huge and never-ending task due to the wide and increasing range of
toxins and analogues.
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3.1 INTRODUCTION

Since ancient times, there have been references to the awareness of existing toxins related to fish
and shellfish consumption.

The first Egyptian plague (“all the water that was in the river turned to blood and the fish that
were in the river died; and the river stank and the Egyptians could not drink of the water of the river;
and there was blood throughout all the land of Egypt” [1]) could very well have been due to a toxic
red tide.

The first Chinese pharmacopoeia (2800 BC) warns against and makes recommendations on bal-
loonfish consumption [2]. Nevertheless, we can assume that humankind knew of the red tide dangers
before the written word, given the discovery of the 26-million-year-old fossil Gonyaulax polyedra.

Even in pre-Colombian America, the hazards of eating shellfish extracted from the sea when
it presented a red color during the day or a glow during the night were already known. To avert
this danger, watchmen were placed in affected spots who would alert travelers of such hazards.
According to Halstead [3], it is the first known health quarantine in North America.

The first scientific reference to human shellfish poisoning is probably the one in “Ephémérides
des curieux de la nature” (1689), quoted in 1851 by Chevalier et al. [4,5]. However, the first writ-
ten report of an outbreak in British Columbia, which occurred in 1793, was reported by Vancouver
in 1801 [6].

In Europe, there are scientific descriptions of paralytic shellfish poisoning (PSP) outbreaks dat-
ing back to 1689 [4,5]. It is worth pointing out the Wilhelmshaven case (1885) that sparked off the
scientific solving of mussel poisoning, although the precise connection of the poisoning to mussels
would not be established until 1927, when an outbreak took place in the central California coast. The
ensuing studies led Meyer and Sommer (1937) [7,8] to the discovery that the cause was dinoflagel-
lates and their toxins, and to the beginning of in-depth studies. Halstead [3] compiled all the cases
published worldwide up to 1965.

All these episodes refer to poisoning by paralyzing toxins. Awareness of the actual toxins that
cause the diarrhea events is more recent. The first known diarrheic poisoning event associated to
toxic mussel consumption (described at the time as “mussels that had ingested dinoflagellates™)
took place in the Easterscheldt area in the Netherlands in 1961 [9]. That same year, there were other
cases recorded in Waddensea. The next outbreak in Easterscheldt occurred in 1971 and affected
100 people. There are also references to the ingestion of blue mussels in Scandinavia (Norway) in
1968 [10]. In the following years, several cases were reported in the Oslofjord area. They were clas-
sified as “unidentified mussel poisoning.”

In October 1976, in the Netherlands, 25 people were taken ill after eating mussels from
Waddensea [11]. That year, Yasumoto et al. described diarrheic shellfish poisoning (DSP) for the
first time in a food-poisoning outbreak due to the ingestion of mussels and scallops that took place
in northeastern Japan [12].

In 1976, we treated the first cases of PSP detected in Galicia (Spain) [13], and in the summer of
1978, there were a series of diarrheic events in the Ria de Ares area. In the town of Lorbé (Oleiros,
close to the city of La Coruifia), we studied episodes related to mussel consumption. We ruled out
microbiological causes and attributed those episodes to an unknown toxin caught by the mussels in
their growing zone, as had happened with PSP in previous years.

In the following summers, we studied similar epidemiological outbreaks that, after an incubation
period of a few hours, presented as diarrhea, nausea, vomiting, and abdominal pain, without fever.
This was associated to the consumption of steamed mussels. Patients would recover in 2 or 3 days.
We contacted Dr. Kat and implemented the test she was developing in rats. The test gave inadequate
results. This was probably due to methodological problems.

In 1981, the greatest diarrheic poisoning associated with mussel consumption occurred, affect-
ing around 5000 people all over Spain, mostly in Madrid. Once again, the epidemiology analy-
sis associated diarrhea with mussels. By then, Kat’s [11] and Yasumoto’s [12,14,15] works were
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already known. These poisoning cases by the DSP toxin in Galicia as well as in the rest of Spain run
parallel to those that occurred in Japan in 1976 and 1977 [12,14,16], and before and after in many
other European, Asian, and American countries.

Yasumoto et al. [12,14] reported events in Japan and related them to eating mussels contami-
nated with the DSP toxin, pointing out that it was a lipophilic toxin referred to as DSP in later
works [15].

3.2 EPIDEMIOLOGY OF DSP

The epidemiology of human disease caused by harmful marine phytoplankton is still at an early
stage. This lack of progress in the phycotoxin disease epidemiology is attributed to a lack of disease
biomarkers and exposure in humans. Epidemiology studies are limited to the mere description of
clinically identified cases and little else. More recently, the studies have included laboratory testing
of ingested food.

The lack of biomarkers is a hindrance to the discovery of the real incidence, since it is only pos-
sible to confirm clinical cases in their acute stage, and as long as there are some food remains avail-
able or their origin is known and a sample can be obtained. Asymptomatic cases and those where
this possible cause is not considered go undiagnosed.

Biomarkers that measure exposure and effect may be qualitative and quantitative. In order to be
useful, they should be detected early in human biological fluids accessible and acceptable. Ideally,
biomarkers should also allow for the identification of subclinical cases. Other considerations to be
born in mind are the speed in testing, precocity in its application, and price.

In order to have the exposure markers available, it is necessary to develop the toxicological
analysis of toxin levels and their metabolites in body fluids. At present, effect markers are based on
the clinical picture. It is important to develop markers for subclinical physiological changes.

3.2.1 RELEVANCE

Diarrheic shellfish poisoning is widely spread in the world, affecting particularly Japan and north-
western Europe. It represents a serious economic problem for the shellfish industry and for public
health.

3.2.1.1 Socioeconomic Relevance

The problem of toxic bivalve shellfish (mussels, clams, cockles, scallop) affects not only public
health but also the tourist industry (exports, markets, advertising, negative publicity), and can there-
fore cause economic upheaval.

This problem has no easy solution, since the procedures used in the purifying plants are excellent
for eliminating potential microbiological contamination, but have no effect on the biotoxin content.

DSP has some relevant economic repercussions that are the object of study in Chapter 47.
According to data from Food and Agriculture Organization (FAO), the world’s mussel production in
2003 was 1,800,000 tons, 1,620,000 of which came from aquiculture (90%). Europe is the second
biggest mussel producer in the world (593,644 tons in 2003) after China (883,237 tons). In Europe,
Spain is the main producer, with 248,827 tons (which represents 76,991 M€) (Eurostat data for
2003), followed by Italy with 100,000 tons (65,002 M€), France with 68,000 tons (95,883 M€), and
Holland with 56,200 tons (71,544 M€) [16].

Galicia (northwestern region of Spain) produces 95% of mussels in Spain. Galicia has 3337
mussel platforms and generates about 11,500 direct jobs, 8500 of which are fixed-term and 7000 are
indirect jobs. Galicia also represents 21% of the fish production (fresh fish) first sale.

The presence of toxic red tides means having to close down the shellfish fisheries in the affected
areas and having to endure for long periods a situation of economic hazard for a great number of
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families that directly or indirectly depend on these fishing trades. Moreover, if control failures occur
and there are cases of human poisoning, the discredit and mistrust created can lead to loss of markets
that become hard to recover.

From the beginning of the 1980s, and particularly in the second half of the decade, a progressive
increase of poisoning episodes of phytoplankton origin in bivalve shellfish was observed in Galicia.
Mussel extraction was prohibited for up to 200 days/year in some areas.

3.2.1.2 Health Relevance

Diarrheic shellfish poisoning is relevant from a health been viewpoint not only because of its acute
effects but also because of its potential chronic effects, which are not yet fully understood.

Regarding acute effects, the gastroenteritis caused by okadaic acid (OA) and dinophysistoxins
(DTXs) has a favorable evolution toward total recovery in 1-3 days, and no fatalities have been
described.

Regarding chronic effects, OA and DTX-1 have been shown to be potent tumor promoters, and
given that the stomach, small intestine, and colon have binding sites of OA, this could be implicated
in the growth of gastrointestinal tumors [17,18]. Mutagenic [19] and immunotoxic effects due to a
marked suppression of interleukin-1 (IL-1) production have also been described [20].

It has been shown in experimental animals that pectenotoxin-1 (PTX-1) is hepatotoxic and
induces rapid necrosis of hepatocytes, with a pathological action similar to that of phalloidin. In rats
intraperitonially injected with PTXs, the liver finally appears granulated and the hepatocytes contain
many vacuoles.

Yessotoxins (YTXs) have been shown to cause heart damage. Almost all cardiac muscle cells of
mice inoculated with these toxins were swollen. On the other hand, YTXs do not cause damage in
the liver, pancreas, lungs, kidneys, and adrenergic glands.

All these chronic effects need to be studied in depth, and they underline the relevance and dimen-
sion of the problem and the need to avoid ingestion of these toxins.

3.2.2 FReQUENCY AND DistriBUTION OF DSP

The real incidence of human DSP is hard to assess, since its clinical symptoms can be mistaken
for diarrhea from other causes, and it can go unrecorded owing to its benign evolution. Isolated
cases usually go undetected, and they only become known in countries where outbreaks have to be
reported by law.

At present, the appearance of human poisoning cases is something that should not take place,
and it only reflects a considerable failure in the watching and preventing process that should be
operating and to which we will refer later.

Research on outbreaks in humans has only contributed to prevention, determining their origin,
and the potential exposure of other groups of people to shellfish of the same origin. The main inter-
est regarding prevention is the watching and early detection of toxic episodes in the sea that would
allow the adoption of measures (forbidding shellfish extraction in the affected areas and informing
people against its consumption). In countries where this watch network based on early detection is
not possible, the watch on early detection of human intoxication can be useful in spotting the hazard
and taking preventive measures that can avoid its spread.

3.2.2.1 Incidence

As pointed out before, the lack of biomarkers does not allow us to know the real incidence of DSP
in humans, since our awareness of it is limited to notified outbreaks.

In the last 20 years, the incidence of DSP events in humans has decreased and practically
disappeared in developed countries where, as an answer to the problem, watch networks have



Epidemiological Impact of Diarrheic Toxins 57

been developed to detect the presence of toxic plankton species and poisoning in shellfish. This
has not been the case in countries where such a watch network is not available. Nevertheless,
poisoning episodes in the sea have increased, and this is partly due to a higher awareness of
the disease and to setting watching schemes but also to its spreading to new, and sometimes far
apart, geographical zones, aided by international trade of seafood and the chance that cysts of
exotic plankton species, producers of toxins, travel with them and settle in these new zones where
they were previously unknown. Thus, the phycotoxic hazard becomes a public health problem
worldwide.

Although shellfish poisoning is widely spread all over the world, affecting warm and tropical
zones, Europe and Japan are the most affected areas. Some reports show that DSP events have also
taken place in other parts of the world (Australia, New Zealand, Indonesia, and Argentina) [21,22].

3.2.2.2 Outbreaks in Europe

Various DSP outbreaks were reported in France during the 1980s, and they affected large numbers
of people. In the Loire-Atlantique district and in Normandy, 3300 and 150 cases were detected,
respectively, in 1983, and 70 and 2000, respectively, in 1984. Other DSP events were reported in
1985 (a few cases) and 1987 (2000 cases) [23]. In 1990, there was an outbreak affecting 415 people
due to mussels imported from the north Danish coast. It had a toxic OA load of 170 pg per 100 g of
meat [24]. Since the watch network was set in 1984, an increase has been observed in the toxic tides
frequency as well as its spreading to other previously uncontaminated areas.

The first outbreak reported in Norway due to a Dinophysis spp. toxin [25] took place during
a long contamination period (October 1984—April 1985), during which around 400 cases were
detected among people living in the southwest coast of Norway. Coinciding with this outbreak,
another one took place in October 1984, in the west coast of Sweden, where DSP events had already
been taking place since 1983, affecting about 100 people [26]. In 1986—1987, a monitoring program
for DSP toxins was established in Norway.

Since 1990, when the watch network was set up in Denmark, mussels contaminated with DSP
have been detected during many summers.

In February 2002, an outbreak occurred in Antwerp (Belgium) with 403 cases of DSP, after
consumption of boiled blue mussels imported from Denmark [27].

In Spain, the first cases were detected, as we said before, in 1978 in the Ares Estuary [28]. New
events also took place in the following years, the main one occurring in 1981 with 5000 cases. Since
then, DSP has been regularly detected in seawater.

The first DSP event in Italy was in 1989, where affected cases were found on the north and
northwest Adriatic coasts.

In Germany, in September 1978, single cases of DSP intoxication were reported in the Husum
area. In November 1986, at least eight people were affected. Since 1986, DSP has regularly been
detected on the coast of German Bight, but no large outbreaks of DSP have been described [23], as
is the case in Portugal and Ireland.

In Portugal, since 1987, when they were spotted for the first time, DSP toxins have been detected
regularly in bivalve shellfish from the northern coast including the Aveiro Estuary and the Mondego
Estuary. In 2002, an outbreak with 40 cases occurred in Northern Portugal [29].

In Ireland, since the watch program was setup, DSP has been detected in shellfish samples
almost every year. The strictness and the duration of closure of shellfisheries vary according to
years. The events are recorded in the summer and autumn months (June-December).

3.2.2.3 Outbreaks in Asia

The first episodes of DSP in Asia, due to the ingestion of toxic blue mussels and scallops, were
those mentioned above. They took place in northeastern Japan in 1976 and 1977 and affected
164 people [12,14].



58 Seafood and Freshwater Toxins: Pharmacology, Physiology, and Detection

New outbreaks were recorded later. Between 1976 and 1984, Kawabata reports that there were
34 outbreaks affecting 1257 people [30]. The Japanese and European shores are the most affected
by toxic blooms.

Toxic red tides have also been described in the Russian East coast (Dinophysis acuminata,
D. acuta, D. fortii, and D. norvergica) [31] and the presence of DSP toxins in shellfish from India
[32] although human cases have not been reported.

3.2.2.4 Outbreaks in America

The first reported DSP event in North America was in 1990 in Nova Scotia off the eastern coast
of Canada and was due to DTX-1. It affected 16 people [33]. Other events were reported later in
the same region [34]. In 1989, a red tide was detected on Long Island, New York (with a high
number of D. acuminata). It was of low toxicity in shellfish (0.5 MU), and no human cases were
reported [35].

In January 1991, an outbreak affecting 120 people was detected in Chile. D. acuta was identi-
fied as the responsible toxin [36]. In January 1992, DSP toxins were also detected on the coast of
Uruguay [37].

In March 2002, an outbreak with approximately 40 cases occurred in the Chubut Province,
Argentina. Those affected had eaten blue mussels and clams with DSP from the North-Patagonian
gulfs. This episode coincided with the presence of the Prorocentrum lima [22].

3.2.3 EriDEMIOLOGY CHAIN

In order to systematize an epidemiological study oriented toward the prevention of DSP, we will
follow the epidemiological chain pattern developed in 1931 by Stallybrass, the great scholar of
epidemiology.

The reservoirs are the dinoflagellates causing the DSP; the poisoning source and transmission
mechanism are the bivalve shellfish with toxins—mainly mussels, although sometimes scallops are
also involved. The subjects at risk are the people eating them, who usually live on the coast, have a
low education, and are consumers of shellfish; moreover, they pick the shellfish themselves directly
from the shore, thus bypassing any health control, which increases the risk.

3.2.3.1 Causal Agent

The DSP group comprised three toxin groups: OA and dinophysotoxins; PTXs (polyether lactone);
and YTXs (toxins with sulfate groups).

Toxins from the OA group have been known to cause the disease in humans since the late 1970s.
The syndrome was named DSP due to the dominating symptoms.

The first DSP group toxin was isolated from mussel digestive glands and was called DTX-1 [38].
Observation by spectral comparison showed that it was 35-R-methyl OA. Later, other OA deriva-
tives were identified (OA had been isolated for the first time from the Halichondria okadai sponge
in 1981) [39]; later, it was also found in the P. lima and Dinophysis spp. dinoflagellates, the DTX-3
(7-0O-acyl-35-(R)-methylokadaic acid) in an intoxication by scallops in northeastern Japan [40], and
the DTX-2 (31, demethyl-35-methylokadaic acid) in Irish mussels [41].

The presence of PTX in shellfish was discovered because of their high acute toxicity in the
mouse bioassay after intraperitoneal (i.p.) injections of lipophilic extracts. The PTX-1 was isolated
from the digestive gland of the scallop Patinopecten yessoensis in northeastern Japan [40]; later,
various homologous ones were described (PTX-2-PTX-4; PTX-6—PTX-9, and PTX-11). Animal
studies indicate that they are much less potent via the oral route and that they do not induce diarrhea.
In experimental animals, they exert a strong hepatotoxic effect, but their diarrheic effect is mild and
even undetectable [42—44]. There are no data indicating adverse effects in humans associated with
PTXs in shellfish. Although diarrhea has sometimes been reported in animals dosed with PTX-2
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and PTX-2 seco acids, recent studies have shown that PTXs are not diarrheic in humans [45]. PTXs
exclusively arise from Dinophysis spp. and are always accompanied by toxins from the OA group.

The YTX are a group of bisulfate polyether toxins with a structure similar to brevetoxins
(brevetoxin-type polyether), which were isolated from P. yessoensis [46]. They are produced by the
dinoflagellates Protoceratium reticulatum [47] and by the Lingulodinium polyedrum [48]. Their
presence in shellfish was discovered due to their high acute toxicity in mice after i.p. injection of
lipophilic extracts. They are much less potent via the oral route, and they do not induce diarrhea.
There are no reports of human intoxications caused by YTXs [45].

Of all these toxins, only OA and its derivatives (DTX) cause acute gastrointestinal toxicity.
OA and DTX have been shown to be powerful inhibitors of serine/threonine protein phosphatase
PP1 and PP2A activity; they are two of the main cytosol phosphatases in mammal cells, with the
subsequent increase in phosphorylated proteins [49]. OA probably causes diarrhea by stimulating
phosphorylation of proteins that control sodium secretion in intestinal cells [50-52].

OA was found to be a threshold (indirect) genotoxic compound in various cell types in vitro.
No genotoxicity data are available for DTX-2 and DTX-3. Animal data indicate that OA and DTX-1
are potential tumor promoters, but the data are insufficient. No data are available for DTX-2 [45].

OA is the predominant toxin in most European countries, although DTX-2 has been reported in
Ireland [41,53], Spain [54], and Portugal.

PTXs and YTXs, although they do not present diarrhea symptoms, due to their common lipid
soluble properties, are included in the DSP toxins complex (lipophilic toxins), and are subjected to
the same regulations as OA and derivatives. A FAO/IOC/WHO work group challenges the toxicity
in humans of PTXs and YTXs and suggests that they should be regulated separately. This group
considers that only OA and derivatives cause diarrhea [45].

3.2.3.2 Reservoir and Intoxication Source

Dinophysis dinoflagellates in 1989 and later Prorocentrum dinoflagellates were identified as the
organisms responsible for producing the DSP toxin. In Western Europe, the predominant types are
usually Dinophysis spp., while Prorocentrum spp. are more often found in Japan.

The D. acuminata and D. acuta species are the most widely spread in European waters [55-57].
D. acuminata is the main component in the greatest algal blooms on the northwestern shores in
France. D. acuta affects the Atlantic coast of Galicia, Portugal, Ireland, Sweden, and Norway. On
the European coasts, we also have D. caudata and D. tripos in the Iberian coast; D. rotundata in
the whole coast and D. sacculus in the Mediterranean Sea, and the Iberian and French coast. In the
Adriatic Sea (Italy), D. fortii has also been identified [58], as have D. norvergica [59] together with
D. acuminata, D. acuta, and P. micans in Norway.

Associated with toxic outbreaks, some other species have been detected: Lingulodinium
polyedra in the Adriatic Sea and P. reticulatum in the Norwegian and the Adriatic Sea.

The presence of these dinoflagellates, even in small concentrations (hundreds of cells per liter),
can lead to poisoning of shellfish. Their ingestion, or of fish that have previously fed on small
herbivorous fish that have themselves fed on toxic algae, causes poisoning in humans.

In the Galician Estuaries of Spain, episodes of DSP appear associated mainly with a prolifera-
tion of D. acuminata in Ria de Ares and D. acuminata and D. acuta in Rias Bajas, although, at times,
other species such as D. caudata, D. tripos, and D. rotundata can contribute significantly to the level
of diarrheic toxins detected.

3.2.3.3 Transmission Mechanism

Bivalve shellfish, mainly mussels and less frequently scallops, are the DSP toxin vectors. They acquire

the toxin when there are some species of toxic dinoflagellates in the plankton on which they feed.
Ninety-five percent of the toxin accumulates in the hepatopancreas of the mussel without it

suffering any chemical changes, and apparently, the toxin does not alter the mussel’s physiological
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functioning or organoleptic properties either. The amount of toxin retained depends not only on the
number of dinoflagellates present in the medium and its toxic load, but also on the amount of water
filtered by the shellfish.

3.2.3.4 Vulnerability Factors

Personal features: People most at risk are those living on the seashore of countries with underde-
veloped monitoring systems, with no watch network for sea toxicity events, and a low level of health
education. Traditionally, they are consumers of shellfish, which they usually pick themselves from
the sea without it undergoing any health control. There are no differences in sex and age.

Time distribution: Toxic episodes generally appear in summer and autumn months, although
occasionally they appear earlier—end of winter or early spring. In the Netherlands in the years
1981, 1986, 1987, and 1989, events were recorded during September and October, and once even in
December. In the Galician Estuaries (Spain), D. acuminata is present practically all year around. It
proliferates usually in April, although some years this happens in late February or March, presenting
maximum or minimum levels until mid- or late autumn. D. acuta usually appears associated with
southern winds from September to November due to the advection from towns in the surrounding
coastal area, and D. caudata is usually found isolated in the plankton.

Space distribution: DSP is widely spread around the world. Europe’s western shores and Japan’s
shores are affected the most.

3.3 EPIDEMIOLOGY OF AZASPIRACIDS

The azaspiracids (AZAs) are a new group of toxins identified in 1995 during an outbreak in the
Netherlands, when symptoms of DSP poisoning were observed, but with very low concentration of
OA and DTX in shellfish [60]. After purification, it was possible to identify this family of new toxins
called azaspiracids [61].

After an incubation period of 3—18 h, azaspiracids cause a clinical illness that is similar to that
produced by DSP poisoning. There are no specific laboratory tests that are useful in the diagnosis
of AZA poisoning. Diagnosis is based on characteristic symptoms, supported by testing of sus-
pected seafood. There is no specific antidote, and the treatment is symptomatic and supportive only.
Complete cure is achieved in 2-5 days.

In animal studies, when the AZA is administered per os, it caused degeneration of epithelial
cells and necrosis of the lamina propria in the villi of the small intestine and in lymphoid tissues
such as thymus, spleen, and the Peyer’s patches; fat accumulation in the liver and degeneration of
hepatocytes; reduction of nongranulocytes; and damage to T- and B-cells in the spleen. Overall,
AZAT1 induced a far greater degree of tissue injury and slower recovery time when compared with
OA [62,63].

One study reported that AZA (tumor initiators) and DSP (tumor promoters) toxins in shellfish
could cause intoxication concurrently [63].

3.3.1 OUTBREAKS

Azaspiracid (AZA) poisoning has been reported in five countries, all of them in the European Union
and all from consumption of mussels cultivated in Ireland. The first outbreak occurred in Netherlands
in November 1995 with eight people affected. The symptoms were similar to those of DSP, but the
concentration of the major DSP toxins were very low [60]. No known organisms producing DSP
toxins were observed in water samples collected at that time. In addition, a slowly progressing
paralysis was observed in the mouse assay using mussel extracts. These neurotoxic symptoms were
quite different from typical DSP toxicity. Subsequently, AZA was identified, and the new toxic syn-
drome was called AZA shellfish poisoning.
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The next outbreak occurred in Ireland in September—October 1997, and was caused by con-
sumption of mussels from Arranmore Island. Details of the Arranmore AZA incident were supplied
by Dr. Terry McMahon. About 20 individuals were affected in the outbreak, and seven to eight of
these were examined by a doctor. Symptoms were vomiting, diarrhea, and nausea. There were no
signs of any hepatotoxic effect, and no individuals subsequently presented with illnesses that could
be related to the initial intoxication. Some patients reported illness following the consumption of as
few as 10-12 mussels. All patients recovered completely after 2—-5 days [64,65].

Some episodes occurred later in Italy (10 cases) in September 1998; in France (about 20-30 cases)
in September 1998, and in the United Kingdom (12-16 cases) in August 2000. In England, sev-
eral incidents of AZA poisoning were reported in Sheffield, Warrington, Aylesbury, and the Isle of
Wight. AZAs have been found in mussels (Mytilus edulis) from Sogneford, Southwest Norway, and
Craster on the Eastern coast of England. They have also been found in scallops (P. maximum) from
Brittany, France; and mussels (M. galloprovincialis) from Galicia, Spain [63—66].

So far, outbreaks were limited to Europe. However, given that Protoperidium spp. have a wide-
spread distribution, it is possible that other cases occurred in other countries without being detected,
as the general mouse bioassay is not specific for the toxins.

However, based on data of the European Commission rapid alert system, Food Safety Authority
of Ireland is aware that products contaminated with AZA were available on the market and presum-
ably consumed without any reported AZA syndrome [65].

In accordance with this information, in 2002, AZA-contaminated shellfish arrived on the Belgian
market on three occasions: on March 29 (queen scallops from Scotland), June 25 (mussels from
Italy), and on October 17 (scallops fished in International Council for the Exploration of the Sea
area VIle by Belgian vessels). In 2005, it has been consumed on four occasions: the first one in the
United Kingdom on May 26 (mussels from Canada), and the other three in Norway (crabs from
Norway) on November 1, 9, and 14. On these last three occasions, AZA was detected and measured
in shellfish in concentrations of 339 ug AZA eq./kg (1045 kg presumed product already consumed),
177-269 pug AZA eq./kg (6200 kg presumed product already consumed), and 217 pg AZA eq./kg
(3094 kg, distribution on the market and possibly withdrawn), respectively [65].

3.3.2 EpipemioLocicAL CHAIN

3.3.2.1 Reservoir and Causal Agent

The AZA1 and their derivates (at least 11: AZA1 to AZA11) [63,67] are produced by the dinoflagel-
late Protoperidium crassipes. Owing to the predatory nature of this organism, it cannot be excluded
that AZA could accumulate through consumption of another prey species.

3.3.2.2 Transmission Mechanism

In all outbreaks, mussels (M. edulis) were the only shellfish responsible. Mussels were the shellfish
with the highest toxin concentration: 4.2 ug/g. Only oysters accumulated toxins at levels (2.45 pg/g)
comparable to mussels (James et al., 2004). In other shellfish, the concentration detected was much
lower: scallops (0.40 pg/g), cockles (0.20 ug/g), and clams (0.61 pg/g).

All reported cases were due to Irish shellfish before 2001, the year in which the EU adopted
legal limits for AZA and the biotoxins monitoring program was improved. Since then, no case has
been declared.

3.3.2.3 Seasonal Variation and Duration of Toxicity in Shellfish

AZA contamination of shellfish can occur in all seasons; however, it is likely to be prevalent in the
summer months (mostly late summer) [63]. In one study, AZA-1-AZA-5 were found in mussels in
November 1997.
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Toxic shellfish consumption
(eating habits)
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FIGURE 3.1 Factors associated with intoxication.

A long duration of contamination has been reported, with toxins remaining in the mussels for
at least 6-8 months after the initial poisoning [63,66—68]. Initially, mussel digestive glands contain
most of the AZA; then AZAs migrate to other mussel tissues, leading to persistent contamination.
AZA-1 is the predominant toxin in the digestive glands; AZA-3 is predominant in other tissues.

3.4 FACTORS ASSOCIATED WITH TOXIC EPISODES

Studies aimed at establishing epidemiological associations between various factors and an intoxica-
tion can be carried out at two levels: The first comprises the study of the conditions that cause the
explosive growth of dinoflagellates, resulting in the production of toxins and their concentration in
shellfish. The second level studies factors causing the diarrheic event in humans (Figure 3.1).

Knowing the environmental and feeding factors associated with the space distribution and occur-
rence of poisoning in shellfish allows us to establish risk zones of varying degrees, which together
with knowing the seasonal events or cyclical phenomena will contribute to diarrheic toxic episodes
prevention in humans.

The retrospective study of previous outbreaks and researching the possibility of future ones
allow us to define risk groups and event-associated factors useful for monitoring and preventing
toxic events.

3.4.1 FacTORSs INFLUENCING THE ExPLOSIVE GROWTH OF DINOFLAGELLATES

Red tides is a natural occurrence that consists of the massive proliferation of unicellular organisms
present in phytoplankton, which presents natural growing-and-decreasing cycles regulated by the
chemical and physical conditions of water, such as a mild temperature, a drop in the water salt con-
tent, still waters, light, (long days), and concentrations of some organic and inorganic substances
(nutrients), as well as biological interactions. Sometimes, and under favorable environment condi-
tions, some of these organisms (dinoflagellates) causing red tides multiply suddenly, causing an
explosive growth that gives the well-known coloring of water, and when they are toxic species, they
cause the shellfish poisoning.

Dinoflagellates reproduce themselves by simple or multiple partition, and after an intense breed-
ing activity, they encyst and settle for long periods in the bottom of the sea.
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The beginning and development of red tides, as well as their later disappearance, depends on the
interaction of multiple biological, biochemical, hydrographical, and weather-related factors that are
not yet fully known.

In some regions, red tides are frequent and have become yearly events, whereas in others, they
appear irregularly or occasionally.

The appearance of red tides is due to two sets of factors: those that favor the growth of the micro-
alga population and those that favor their concentration.

3.4.1.1 Factors Influencing the Increase of Microalga Population

Water that is enriched with nutrients owing to the sea-bottom waters rising to the surface, to land
drainage by rainfall, and to urban and industrial waste dumping.

Changes in water temperature influence the encysting (temperature decrease) or exciting
(temperature rise) of dinoflagellates.

Sunlight: essential for conditioning photosynthetic vegetative processes.

Salinity: its decrease, caused by fresh water flowing into the sea from rivers or by heavy rain-
fall, favors the presence of red tides.

Organic substance: comes from land drainage or marine plants, fish, and other decomposing
dead matter.

Metals and chelants: metals decrease growth while chelants increase it.

Substances promoting growth (vitamin B,).

Calm seas: favor growth and the accumulation of phytoplankton.

3.4.1.2 Factors Influencing Concentration

Dinoflagellates gather in clusters due to hydrological concentration phenomena. These accumulation
processes are influenced by mild winds that blow the surface waters toward the shore. Converging
phenomena cause the dinoflagellates concentration along the front line of two masses of water of
different density. The convection movements caused by the wind facilitate the dinoflagellate con-
centration on the converging lines.

When environmental conditions are not favorable, the haploid vegetative cells of very many
dinoflagellate species form cysts that can resist very adverse conditions and remain viable in the
sediment for long periods of over 15 years.

The fact that cysts are so resistant means that they can be carried viable from one zone to another
where they can develop their mobile stage, going through an adverse medium in their journey.

The cyst germination is conditioned by internal factors and by external, or triggering, factors
(temperature, light, and oxygenation).

Dinoflagellates have maturing and latency periods. When cysts germinate and mobile cells
emerge, their survival depends on their capacity to free themselves from the sediment and get into
the water column (this is favored by turbulence, which is then harmful to the dinoflagellate popula-
tion development that needs still waters to avoid dispersion) and the chance of finding a favorable
medium in the water column.

The relevance of the cyst population depends on their abundance in the sediment, capacity to
germinate, and survival of the emerging mobile cells.

Bivalve shellfish filter water and retain the phytoplankton, which is not toxic to them. Mussels
concentrate their DSP toxins in the hepatopancreas, while clams do it in their siphons. The degree
of poisoning acquired by shellfish will depend on the toxicity per cell of the toxic phytoplankton
organisms.

Toxins are secondary metabolites produced by toxic phytoplankton whose physiological and eco-
logical functions are unknown. The amount and rate relative to toxins produced depends on intrin-
sic factors of the cells (genotype, age, size, cell cycle moment, and general physiological state),
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and on environmental factors (temperature, salinity, pH, light, available nutrients, and relative rate
between the various nutrients). Therefore, the toxin content per cell varies and, hence, the difficulty
in answering the question: from how many cells per liter can mussels become toxic?

3.5 PREVENTION

In order to systematize the prevention study, we first analyze primary prevention measures based on
the sea watch and the market and aimed at effectively foreseeing the toxicity phenomena before it
reaches the human intoxication stage. For this, a greater knowledge of the potential dinoflagellate’s
life cycle and influencing environmental factors is necessary. We also include here the watch for
human poisoning cases to be carried out in countries where there is possibility of setting up watch-
ing networks on the sea or in the market.

Second, we study the secondary prevention measures or measures to be adopted in a human
poisoning outbreak.

Both sets of measures are fundamentally based on epidemiology watching. The weakest links in
the epidemiological chain have to be identified in order to focus our attention on them.

It is not possible to act on the reservoir, thus avoiding the proliferation of dinoflagellates by mod-
ifying factors favorable to them. We are equally powerless in avoiding the accumulation of toxins
in shellfish, or even in accelerating their detoxification. We can only act on the third chain link—the
subjects at risk—by informing of the hazards and providing all the means at our disposal to avoid
toxic shellfish consumption. As stated earlier, dinoflagellates do not undergo organoleptic changes
that would alert the consumer, and ordinary cooking does not destroy the toxins either.

In the epidemiology watch programs, it is essential to have tracers for intoxication prevention. In
the case of DSP, the most widely known tracer is visualizing a red tide, which, albeit its limitations,
prevents disease outbreak. Nevertheless, it is of very limited efficacy, because events can take place
without previous appearance of a red tide. The most efficient watch consists of determining changes
in seawater warning of a potential proliferation of toxic plankton species, and watching out for these
species as well as the presence of toxins in shellfish.

In short, epidemiology watching is based on the early detection of a problem (presence of the
DSP or AZA toxins in shellfish). Each watch program or scheme must be adapted to the area, region,
or country where it is going to be applied, bearing in mind the following:

Incidence of the problem and its effects on the country’s population and economy
Legal infrastructure

Available resources (human and material)

Existing means of communication

3.5.1 MARINE BIOTOXINS MONITORING PROGRAM

The potential monitoring of blooms requires knowledge of their ecological features. If they show
signs that their increase might be due to modifiable factors (such as organic material contribution),
the measures to be adopted would not be simple and would have to consider the whole fishery area
as a whole.

With the data available nowadays, it seems that most blooms are controlled according to the
hydrographical features of the shores, and therefore they cannot be modified, although a better
understanding of them and the way they relate to phytoplankton would imply a higher capacity to
predict potential events.

Given that, at present, predicting the exact appearance of blooms is not possible, prevention is
based on setting a red-tide warning network and a watch scheme in the purifying plant areas and the
market in order to determine the absence or presence of DSP, at levels below those established by
law, in purified shellfish for consumption.
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Self-detection programs are now at an advanced stage through satellite monitoring of tempera-
ture changes in seawater.

3.5.1.1 Marine Watching: Red Tide Warning Network

Sea-watching programs must be of several intensity levels, depending on the existence of toxic
plankton species or of conditions favoring their proliferation. There must be perfect coordination
and a fast and fluent communication network between the authorities responsible for sea watching
(Fishing Administration) and for the markets (health, agriculture, and food) and health authorities.
There are two subprograms:

1. Studies on plankton and conditions favoring its proliferation with a view to predict
when toxic marine blooms are going to take place and to detect as early as possible their
existence (red tides).

2. Monitoring shellfish to check the presence of toxins is authorized in fisheries and shellfish
farms before gathering and in purifying plants before shellfish is released on the market.

In order to achieve an efficient management, causing the minimum disturbance to producers and
allowing a safety warranty to the consumers of seafood, it is important to set zones and subzones
in the shellfish farms, as well as fixed primary points that experience has shown to be most rapidly
affected in the case of a toxic event; and fixed secondary points supplementing the former and allow-
ing a more detailed knowledge of the affectation degree in the zones.

For sampling programs follow-up and monitoring of toxic phytoplankton to work, better action
schemes have to be set according to the species of phytoplankton causing toxicity and to the shellfish
and areas affected. Those schemes have to be set before assessing the information gathered in the
monitoring program on the plankton and oceanographic conditions and on the shellfish biotoxins. In
Galicia (Spain), there are four action schemes set on those bases [69]:

Scheme A (normal situation): Oceanic conditions are not favorable to the development of toxic
phytoplankton species, nor are these found in significant concentrations, and there is no
toxicity in bivalve shellfish.

Scheme B (alert situation), divided into three subschemes:

B1: When in spite of favorable oceanic conditions, no potentially toxic phytoplankton species
are observed in significant concentrations, and there is no toxicity in bivalve shellfish either.

B2: There are favorable oceanic conditions and the presence of potentially toxic phyto-
plankton species, but no toxicity in bivalve shellfish.

B3: There are favorable oceanic conditions, a significant increase in toxic population, and
toxicity is detected in bivalve shellfish but in levels below the limits established by law.

Scheme C (extraction is forbidden). This is applied when toxic levels are above the law-
established limits. It is divided into three subschemes:

C1: Oceanic conditions are favorable, and there is a significant increase in toxic population
and in bivalve shellfish toxicity levels.

C2: Oceanic conditions are not favorable to the growth of the toxic plankton species whose
population is stable or decreasing. Also, toxicity levels in the bivalve shellfish are stable
or decreasing.

C3: Oceanic conditions are not favorable, and there is a significant decreasing and disap-
pearing of toxic population, and toxicity levels are close to legal limits.

Scheme D: Oceanic conditions are not favorable to the development of toxic plankton species;
potentially toxic phytoplankton species are in insignificant concentrations or absent, and
toxicity stays below legal limits as a consequence of a previous event.

Bivalve shellfish samples must be gathered at different depths (1, 5, and 10 m), since toxicity
may vary with water depth. Analysis must be carried out separately or integrated, depending on the
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uniformity of the degree of mussels and oceanic conditions, and accumulation of toxicity at a given
depth. In natural fisheries and fish farms, samples should be as significant as possible, according to
the species subjected to monitoring and the area features.

Sampling frequency varies with every action scheme:

Scheme A (all-year round): Weekly sampling of oceanic and phytoplanktonic conditions, as well
as of biotoxins in mussels in fixed primary points, and fortnightly sampling in rock mussels
Scheme B (alert situation):

B1: Selective sampling of phytoplankton

B2: Increasing to twice per week the sampling for biotoxins in mussels in fixed primary
points

B3: Increasing the sampling to three times per week, and when biotest results advice it,
sampling of other species in fixed secondary points, susceptible to being more affected

Scheme C (gathering is forbidden):

C1: The frequency and species to be sampled are dictated by the toxic event intensity and
the existing provisions. Subzones (included within the same zone) bordering on a closed
down subzone are subjected to daily sampling.

C2: Gathering samples in fixed primary or secondary points to assess the degree of affecta-
tion in the zone or subzone.

C3: Sample gathering for biotoxins at least three times per week.

Scheme D: Lifting of extraction prohibition. In fixed points where toxicity remains high,
though below legal limits, samples are to be gathered twice a week.

3.5.1.2 Market Watching

Routine controls are carried out throughout the year by veterinary inspectors responsible for moni-
toring the salubrity and hygienic conditions of food. Surveillance should increase during periods
when these problems tend to be present.

3.5.1.3 Surveillance of the Disease

Surveillance of the disease may be particularly relevant as an alternative method to primary preven-
tion in countries that are not able to afford the costs of sustained surveillance programs in shellfish-
farming areas. In such circumstances, detected the first cases of the disease have to be used to adopt
preventive measures and avoid further cases. At any rate, a minimum public health infrastructure
should be available, such as staff with adequate training, and laboratories with staff trained in stand-
ard techniques.

The education of medical and public health staff regarding diagnosis, treatment (Symptomatic),
and notification of suspect cases is very important for the success of a watch program.

Education of populations at risk about preventive measures, such as nonconsumption of shellfish
when there are toxic red tides and never to eat mussels picked from cliff rocks or any shellfish picked
directly on beaches, is essential and never enough.

People must be well informed and updated through the most suitable means about the presence
of toxic red tides, their blooming, and their disappearance.

Finally, education and cooperation with the seafood industry in everything related to poisoning
risks by marine toxins as well as in primary and secondary prevention programs is necessary for the
effective success of these programs.

3.5.2 EuURrOPEAN REGULATIONS

In Europe, the Regulation EC 853/2004 of de European Parliament and of the Council, of April 29,
2004, establishes the maximum level admissible of lipophilic toxins [70].
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The maximum level of OA, DTXs, and PTXs together in the bivalve mollusks (the whole body
or any part edible separately) shall be 160 pg of OA eq./kg; the YTXs shall be 1 mg of YTX eq./kg,
and the AZA shall be 160 ug of AZA eq./kg [70].

The Regulation EC 854/2004 of de European Parliament and of the Council, of April 29,
2004, establishes the official controls concerning live bivalve mollusks from classified production
areas [71].

Sampling plans to check for the presence of toxin-producing plankton in production and relay-
ing waters and for biotoxins in live bivalve mollusks must take particular account of possible varia-
tions in the presence of plankton-containing marine biotoxins. Sampling must comprise of

e Periodic sampling to detect changes in the composition of plankton containing toxins and
their geographical distribution. Results suggesting an accumulation of toxins in mollusk
flesh must be followed by intensive sampling.

e Periodic toxicity tests using those mollusks from the affected area most susceptible to
contamination.

The sampling frequency for toxin analysis in the mollusks is, as a general rule, to be weekly
during the periods at which harvesting is allowed. This frequency may be reduced in specific areas,
or for specific types of mollusks, if a risk assessment on toxins or phytoplankton occurrence sug-
gests a very low risk of toxic episodes. It is to be increased where such an assessment suggests that
weekly sampling would not be sufficient. The risk assessment is to be periodically reviewed in order
to assess the risk of toxins occurring in the live bivalve mollusks from these areas.

When knowledge of toxin accumulation rates is available for a group of species growing in the
same area, a species with the highest rate may be used as an indicator species. This will allow the
exploitation of all species in the group if toxin levels in the indicator species are below the regulatory
limits. When toxin levels in the indicator species are above the regulatory limits, harvesting of the
other species is only to be allowed if further analysis on the other species shows toxin levels below
the limits.

With regard to the monitoring of plankton, the samples are to be representative of the water
column and to provide information on the presence of toxic species as well as on population trends.
If any changes in toxic populations that may lead to toxin accumulation are detected, the sampling
frequency of mollusks is to be increased or precautionary closures of the areas are to be established
until results of toxin analysis are obtained [71].

The Commission Regulation EC No 2074/2005, of December 5, 2005, establishes the methods
of analysis of the lipophilic toxins [72].

As for the methods of analysis, the regulation considers biologic methods (bioassay in mice and
in rats) and alternative methods [high performance liquid chromatography (HPLC), liquid chroma-
tography-mass spectrometry (LC-MS), and phosphatase inhibition]. When the results of the analyses
performed demonstrates discrepancies between the different methods, the mouse bioassay should be
considered as the reference method.

A series of mouse bioassay procedures (biological methods), differing in the test portion (hepat-
opancreas or whole body) and in the solvents used for the extraction and purification steps, can be
used for detection of the toxins DSP. Sensitivity and selectivity depend on the choice of the solvents
used for the extraction and purification steps, and this should be taken into account when making a
decision on the method to be used, in order to cover the full range of toxins.

A single mouse bioassay involving acetone extraction can be used to detect OA, DTXs, PTXs,
and YTXs. This assay may be complemented if necessary with liquid/liquid partition steps with
ethyl acetate/water or dichloromethane/water to remove potential interferences. AZA detection at
the regulatory levels by means of this procedure requires the use of the whole body as the test
portion.

Three mice should be used for each test. The death of two out of three mice within 24 h after
inoculation into each of them of an extract equivalent to 5 g of hepatopancreas or 25 g whole body
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should be considered as a positive result for the presence of one or more of the toxins DSP at levels
above those established.

A mouse bioassay with acetone extraction followed by liquid/liquid partition with diethyl-
ether can be used to detect OA, DTXs, PTXs, and AZA, but it cannot be used to detect YTXs, as
losses of these toxins may take place during the partition step. Three mice should be used for each
test. The death of two out of three mice within 24 h after inoculation into each of them of an
extract equivalent to 5 g of hepatopancreas or 25 g whole body should be considered as a positive
result for the presence of OA, DTXs, PTXs and AZA at levels above those laid down in Regulation
EC No 853/2004 [70].

The rat bioassay can detect OA, DTXs, and AZA. Three rats should be used for each test.
A diarrheic response in any of the three rats is considered a positive result for the presence of OA,
DTXs, and AZA at levels above those established.

A series of methods, such as HPLC with fluorimetric detection, LC, MS, immunoassays, and
functional assays, such as the phosphatase inhibition assay, shall be used as alternatives or supple-
mentary to the biological testing methods, provided that either alone or combined they can detect at
least the following analogues, that they are not less effective than the biological methods, and that
their implementation provides an equivalent level of public health protection:

o OA and DTXs: A hydrolysis step may be required in order to detect the presence of
DTX-3

® Pectenotoxins: PTX-1 and PTX-2

o Yessotoxins: YTX, 45 OH YTX, homo YTX, and 45 OH homo YTX

® Azaspiracids: AZA1, AZA2, and AZA3

If new analogues of public health significance are discovered, they should be included in the
analysis. Standards must be available before chemical analysis is possible. Total toxicity shall be cal-
culated using conversion factors based on the toxicity data available for each toxin. The performance
characteristics of these methods shall be defined after validation following an internationally agreed
protocol. Biological methods shall be replaced by alternative detection methods as soon as reference
materials for detecting the toxins are readily available, and the methods have been validated [72].

With a view to eliminating discrepancies between the member states and harmonizing the
European market, the European Commission named a reference national laboratory in each member
country (LNRS) and a sole community reference laboratory (LCR), in order to set up and coordinate
a network for exchanging information, knowledge, and experiences, and create a forum for method
and toxicology agreements. The Exterior Health Laboratory in Vigo (Galicia, Spain), under the
Ministry of Health and Consumption, was appointed Community Laboratory of Reference 73.

3.5.3 EPIDEMIOLOGICAL INVESTIGATION OF AN ACUTE OUTBREAK
of DSP DiseAsE

Human poisoning outbreaks by diarrheic toxins seem to be explosive, localized, and short-lived (holo-
miantic outbreaks), given the very short incubation period (between 30 min and a few hours—3 h in
DSP intoxication to 17 in AZA syndrome), which depends on the amount of toxin swallowed (shell-
fish toxic load and the amount of shellfish eaten), and the exposure to a common source.

Investigations usually start from the communication of index cases to the health authorities. That
reporting, which is mandatory in many countries when there is an outbreak, must be done when
clinical suspicion exists, but since this is subjective, the first step will have to be to confirm the case
diagnosis. Confirming the diagnosis is easier when there are toxic red tides, and when physicians
and populations are alerted. Isolated cases of DSP or AZA will go undetected if DSP or AZA is not
considered, given its unspecific symptomatology: diarrhea, nausea, vomiting, abdominal pain, and
its mildness. In addition, etiology identification of clusters is even easier (episodes in which two or
more cases of the same disease are interrelated).



Epidemiological Impact of Diarrheic Toxins 69

Urgent notification to the health authorities, from the mere suspicion, so that they can adopt the
pertinent administrative preventive measures.
During investigation of outbreak, the three following stages are clearly marked:

1. Setting or verifying diagnosis of recorded cases and confirming the existence of an
outbreak

2. Identifying the intoxication source and transmission mode

3. Identifying other people who might have been or are exposed, as well as cases that might
have appeared previously; and the description of cases according to the person, place, and
time variables

3.5.3.1 Outbreak Confirmation

First of all, in order to establish environmental exposure, existence of a toxic red tide, and then
confirm the diagnosis in the laboratory (seafood testing), it has to be decided whether the signs and
symptoms (gastroenteritis and no temperature) and their evolution (benign, with complete recovery
in 3-5 days) correspond to DSP or AZA; whether the incubation period is short (30 min to a few
hours); and whether there are antecedents of shellfish consumption (appropriate seafood ingestion)
in its origin.

Other causes, such as toxic infection by Bacillus cereus or by Vibrio parahaemolytic have to be
excluded; the latter is also carried by shellfish. Those affected usually do not present with fever, but
their incubation period is longer (12 h), and the germ can be identified in feces or food remains.

Gastroenteritis associated with a clinical picture of no fever, mussel ingestion, and a short incuba-
tion period point toward diagnosis of DSP, even more so if there is a DSP toxic red tide at the time.

Based on the study of the Japanese outbreaks, the World Health Organization (WHO, 1984)
established the symptons of the following symptoms in DSP disease: diarrhea (92%), nausea (80%),
vomiting (79%), abdominal pain (53%), and chill (10%).

In order to obtain laboratory confirmation, food remains should be available (uneaten mussels),
or mussel samples should be taken from the same area that the eaten mussels came from (e.g., food
market, shellfish purifying plant, fish farm, rocks).

The usual technique used is the bioassay in mice developed by Yasumoto that we described in the
European Regulations. One may also use the bioassay in rats developed by Kat [74]. The bioassay in
mice is the most widely used because it is more sensitive (OA 4 pg) than exposure by oral ingestion in
rats (OA 10 pg), but the bioassay in mice is subject to false positives by interference of nonphycotoxic
components, and it is more expensive since mice die or are disposed of, while rats can be used repeat-
edly, although reading the test in them depends on the subjective examination of feces.

There are also chemical methods such as HPLC, the most widely used method after bioassays;
LC-MS; the enzyme-inhibition assays such as protein phosphatase inhibition assays, an inexpensive
technique [75,76]; and the immunoassays (monoclonal antibodies to OA and DTX-1, and enzyme-
linked immunoabsorbent assay). There are several commercial kits available, and the cytotoxicity
assays obviate the morphological changes caused by the DSP toxin activity in various cell lines; for
example, human KB cells, salmon and rat hepatocytes, and cultured neurons.

These techniques, and more so the bioassays, HPLC, and phosphatase inhibition, are generally
used in health surveillance. Ethical and technical considerations are being focused on the develop-
ment and use of health-control tests that do not require the use of animals.

3.5.3.2 Identifying Source, Transmission Mechanism, and Subjects at Risk

It is essential to know the kind of shellfish responsible for DSP or AZA intoxication and their ori-
gin, whether they were bought in the market or picked directly in fish farms or rocks, and whether
there are some not yet consumed. It is also necessary to know whether they were eaten at home, in a
restaurant, or in other public places.
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It is also important to know whether other people have also eaten the product, searching for other
cases or whether there are people who have more shellfish from the same source and have not yet
consumed it. Moreover, it has to be investigated whether there have been previous cases in the area
or surrounding areas.

3.5.3.3 Describing Cases according to Person, Place, and Time Variables

Regarding the person variable, information must be gathered on age, sex, and occupation; as far
as the place variable is concerned, geographical distribution of the cases concerned, noting their
addresses; and regarding time, it is interesting to have information on the date, time of exposure
(shellfish ingestion), as well as the onset of the first symptoms and sequence of presentation. It is
also advisable to collect information leading to an initial idea of the toxic load.

3.5.3.4 Administration Monitoring Measures

In the event of an outbreak, administration measures will have to be adopted forbidding shellfish
gathering and setting up an area-monitoring scheme. Continuous vigilance must be exercised for the
occurrence of DSP or AZA poisoning, and physicians must be warned of its existence so that they
can be alert for the clinical signs of gastroenteritis. At the same time, the population will have to
be made aware: industrialists, health professionals, and people in general through the mass media,
warning about the hazards and advising that they must not consume the affected shellfish.

3.5.4 SHELLFISH DETOXIFICATION

The ordinary cooking process, either at home or in the industrial setting, does not destroy the DSP
toxin. Given that cooking is the first stage in the industrial processing of bivalve shellfish, the appli-
cation of detoxification is focused on it.

Vieites and Leira [77] have attempted to lower the toxicity of contaminated shellfish by cook-
ing it for 2-5 min at 97°C in a slightly alkaline medium (pH: 8.22) and adding bicarbonate salts at
2% as a technological coadjuvant. They obtained detoxification percentages (of OA) that range
between 24% and 79%, with residual levels of OA in all samples. They tried increasing the cooking
time, but with no better results when the increase was moderate—10-15 min. These investigators
were successful in some samples with very long cooking times—over 60 min, but this was incom-
patible with maintaining the optimal market quality of the seafood. Results were not better when
the sodium bicarbonate concentration was increased in mid-cooking. Vieites and Leira suggested
the possibility of treatment by autoclave sterilization (110-120°C), as used in canning, for better
results [77].

We have attempted various manipulations to reduce toxicity—cooking, freezing, canning (sous-
ing) for PSP-contaminated shellfish, but we have been only partly successful. We have reduced
toxicity to a half, a third, or a fourth with processes that alter the organoleptic properties and renders
selfish unfit for commercialization [13]. These processes are a combination of pressure of 1.5-2 atm
and temperature of 113°C or higher [13]. Many other researchers have attempted cooking treatments
to destroy these toxins, but without success [78,79].

To date, there is no effective method for eliminating toxins from mussels and other bivalves in
an economical and fast manner that can be commercially profitable and free of hazards. The only
solution is self-purifying or natural detoxification through metabolizing the toxins. Whereas toxin
accumulation in shellfish may only require a few days, its elimination requires several weeks and,
on occasion, months. The detoxifying process depends on various factors sometimes related to the
shellfish and sometimes to its environment.

Eliminating toxins follows exactly the reverse physiological process. The toxins accumulated,
mainly in the hepatopancreas and other parts of the shellfish, have to be catabolized or expelled.
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The more active the metabolism and the better the physiological condition of the shellfish, the faster
is the elimination to proceed.

The temperature and food available can be considered the two main external factors that deter-
mine the detoxification speed. In warm or tepid waters, mussel filtering is more active, and there-
fore the ingestion of new food and the elimination of old remains will proceed much faster. The
availability of abundant nontoxic food is a sine qua noncondition for the shellfish to return to the
preintoxication condition.

Very often, toxic episodes take place during the autumn, but winter may arrive without the toxin
having been eliminated fully from the shellfish. Water temperature is at its lowest in winter, and then
phytoplankton concentrations are very low owing to a combination of excessive turbulence and low
light intensity. In such circumstances, mussels may maintain low toxicity levels (possibly below the
limit restricting consumption) during these months; it is even possible that the toxicity will never
disappear completely before a new toxic episode takes place the following summer or autumn. This
circumstance has been observed in Scandinavian mussels, which have a high DSP toxin level during
the autumn and have not been able to eliminate these toxins before exposure to the freezing northern
waters during the following winter and spring.
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4.1 LIMITATIONS OF EPIDEMIOLOGIC DATA

4.1.1 Bias AND RepoRTs OF CLINICAL ILLNESS

Bias refers to those factors related to study design and analysis that may affect the results and con-
clusions of a study. Descriptions of clinical manifestations may have several sources of bias includ-
ing selection bias, recall bias, diagnostic bias, and information bias. Selection bias occurs at the
outset of the study. For example, persons with mild illness usually have a lower likelihood of report-
ing to a health care facility and thus a lower likelihood of being included in a hospital-based study
or evaluation of surveillance data. Consequently, surveillance and hospital-based studies of marine
neurotoxins may overstate the importance of severe sequelae such as neurological symptoms and
understate the importance of mild sequelae such as gastrointestinal symptoms. One of the important
contributions of outbreak investigations is to actively identify persons with mild illness or persons
exposed to toxin but who did not develop illness. This, in turn, greatly contributes to the understand-
ing of the spectrum of disease and illness risks associated with a particular toxin.

Recall bias refers to the extent to which patient recall of information affects the accuracy of the
data collected. One can imagine that this is particularly a problem for amenestic shellfish poisoning,
but it will affect all studies to a greater or lesser degree. Recall bias may also occur if ill persons
recall exposures to a greater degree than nonill persons do; one result of this may be to falsely asso-
ciate exposures with outcomes. The effect of recall bias may be minimized by prospective, system-
atic studies that use standardized interview forms to collect information from ill persons.

Recording bias is similar to recall bias and refers to the extent to which clinicians accurately
and completely record the symptom history of their patients. This is particularly a problem for stud-
ies based on retrospective medical chart reviews. For example, a physician who sees a patient with
paralytic shellfish poisoning (PSP) may record paresthesias and vomiting as clinical symptoms;
the researcher who reviews this chart at some later period will have no way to determine if other
symptoms, such as dysarthria or dysphagia, were also present or even assessed. Another way that
recording bias may affect the results of a study is through the linguistic and cultural barriers that
may exist between the patient and clinician. For example, the floating feeling in PSP and the tem-
perature reversal of ciguatera represent attempts to define a health state in terms that are mutually
comprehensible to the patient and clinician. These terms, however, may not have a biologic basis
and may not correspond with the way individual patients would describe a particular experiential
state if left unprompted.

Diagnostic bias may occur when factors unrelated to the disease influence the diagnosis assigned
to a specific constellation of symptoms. For marine toxin ingestions, this problem may be enhanced
because of the lack of specific and sensitive diagnostic tests. For example, a patient who has ingested
ciguatoxin and presents with gastrointestinal but not neurological symptoms may not receive a diag-
nosis of ciguatera unless his illness occurred in the context of a more extensive outbreak inves-
tigation. Conversely, a patient may have diarrhea during an outbreak investigation and receive a
diagnosis of ciguatera even if his illness resulted from a different cause.
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4.1.2 INcIDENCE RATES

Incidence is a fundamental component of epidemiologic inference yet notoriously difficult to obtain.
The sources of data may be of high, low, or, most often, unknown quality. For example, surveillance
systems based on passive reporting of illness from medical providers to government authorities
(such as those that exist for individual states in the United States) will identify an unknown but
incomplete proportion of all cases. Breakdowns in reporting may occur at several levels: affected
individuals may fail to present to a medical provider, because they have mild illness or because they
fail to recognize the potentially serious nature of their illness; medical providers may fail to make
an appropriate diagnosis because of lack of interest, knowledge, or diagnostic capability; or the
provider may neglect to report the illness to the appropriate authorities.

Other factors may influence surveillance data as well. During an outbreak, active case finding
will identify additional ill persons, particularly those with mild symptoms. Agencies or institutions
that have a researcher or public health official who is particularly interested in a specific disease may
pursue case finding more rigorously than other groups. Finally, public awareness and appreciation of
the disease as a significant health problem will influence reporting. The most accurate surveillance
data derive from systems that are prospective, systematic, active, and which have a high degree of
support from the local medical community and the public.

Other methods of estimating incidence exist besides routine surveillance. Retrospective review
of hospital or clinic medical charts may provide an estimate of the incidence of relatively severe
illness. Unfortunately, these studies are subject to many of the types of bias discussed above. If case
definitions with a high degree of specificity are used and clinical acumen in an area is high, inci-
dence data from medical chart reviews may be regarded as lower estimates.

Investigators may design special studies, such as telephone and door-to-door surveys. If a popu-
lation is systematically sampled, survey studies may provide population-based incidence data and
may be the best source of data on less severe cases. The primary limitation of survey data is recall
bias, which increases as the retrospective length of the study increases.

Finally, the public health relevance of incidence data may be limited by the investigator’s choice
of data for the denominator. For example, a study may report the incidence of ciguatera as 100 per
100,000 people per year. Such a figure implies that the entire population is at risk for illness. The
true population at risk, however, is that which consumes marine organisms. This population may
differ from other populations by proximity to coastal areas, race or culture, income, and other fac-
tors. An incidence calculated using as the denominator the number of persons consuming potentially
toxic fish would allow more directed and local implementation of public health control programs.
It might also allow public health officials to predict the impact on disease incidence of changes in
demographic variables and dietary practices. Unfortunately, this information is rarely available.

4.1.3 Risk FACTORS

Risk factors refer to those factors that increase an individual’s risk of a particular outcome. In marine
toxin investigations, outcomes have included illness, severity of illness, and particular symptoms.
For example, a study of PSP examined risk factors for the development of PSP among persons who
ate shellfish [1]. During an outbreak of domoic acid intoxication, investigators examined risk factors
for severe illness among ill persons [2]. Finally, during an analysis of ciguatera, investigators identi-
fied risk factors for the development of gastrointestinal versus neurological illness [3].

Risk factors for these various outcomes may be placed in the following categories: differences in
toxin composition and genetic and nongenetic differences in the host response. For example, toxin com-
position may differ between outbreaks of ciguatera (ciguatoxin, maitotoxin, palytoxin, gambiertoxin,
etc.) or PSP (saxitoxin, neosaxitoxin, gonyautoxin, etc.); although the toxins may be structurally related,
their effects are not identical, and thus, the risk of illness may differ depending on the specific toxin or
toxins ingested. Genetic differences in the host response may potentially influence the development or
progression of illness through slight alterations in binding sites and altered immunological response.
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Finally, nongenetic host differences—including diet, dose of toxin ingested, method of food prepara-
tion, and ingestion of particular organs—may also influence the development or progression of illness.

4.1.4 Toxic Dosks

The estimation of toxic dose is limited in several ways. In particular, samples of the actual ingested
animal are rarely available for testing, except for occasional autopsy or vomitus samples. Many
investigators estimate the toxin concentration in marine animals implicated in human illness by
examining toxin from animals served at the same meal or collected later from a similar location.
However, toxin may not be uniformly distributed in an animal and toxin levels may differ between
animals of the same species collected at different times or places. Thus, the reported toxin concen-
tration usually represents an estimate (of unknown accuracy) of the toxin concentration in the actual
ingested animal. In addition, most studies that attempt to calculate toxic dose do not report dose on
a per unit weight basis. Finally, most studies estimate toxic dose based on bioassays that do not dif-
ferentiate the toxic dose of the different toxin components.

4.1.5 GEOGRAPHIC DISTRIBUTION

Geographic distribution of reported illness may differ by the distribution of toxin producing and
concentrating organisms; it may also differ by factors unrelated to the true distribution of disease.
Disease may be underreported in some geographic regions, because the region has other health
priorities, a paucity of diagnostic facilities, undertrained medical providers, or a lack of researchers
who publish data in scientific journals. For example, Guatemala appears in the medical literature on
PSP because of the occurrence of a large outbreak coupled with the involvement of the U.S. Centers
for Disease Control and Prevention and Food and Drug Administration [4].

4.1.6 TempPORAL DISTRIBUTION

Seasonal and longer-term temporal variations in neurotoxin poisonings have been reported in some
instances but not in others. Temporal variations in human illness are the combined product of vari-
ations in dinoflagellate blooms, the proportion of dinoflagellate blooms that produce toxin, fish and
shellfish depuration patterns, dietary preferences, fish and shellfish availability, public health meas-
ures, and surveillance system characteristics. Essentially, in all instances, the relative contribution of
these various factors to the presence or absence of temporal variation is unknown.

4.1.7 LITERATURE SOURCES

The results of any review of existing data naturally depend on the available literature sources.
Scientific journals represent the primary and, in general, the most scientifically sound source of
widely available epidemiologic information. For many marine toxin-related illnesses, however, a
large body of knowledge exists in regional and government publications, the proceedings of sci-
entific meetings, and textbooks. These sources are usually less widely accessible than journals and
no attempt has been made to compile a comprehensive list for the current review. Consequently, it
is entirely possible that important pieces of information have been excluded. Where possible, an
attempt has been made to use only primary data sources. Occasionally, however, information is
referenced from a secondary source.

4.2 PARALYTIC SHELLFISH POISONING

4.2.1 INCIDENCE

A substantial increase in the frequency and geographic distribution of toxic plankton blooms
has occurred worldwide over the past two decades [5,6]; however, incidence data for PSP
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continue to be limited by a lack of surveillance systems, lack of active case finding in areas that
have surveillance, and lack of appropriate denominator data. One investigator estimated that
1600 cases of PSP had been identified worldwide between 1689 and 1971 [7], a number, which had
increased by another 900 by 1984 [8]. Seven outbreaks were reported in the United States between
1998 and 2002; 43 persons were affected, 13 were hospitalized, and none died. [9]. In two of the
largest series of cases from a specific area, Prakesh [5] reported that 80 cases of illness were identi-
fied from the Bay of Fundy region in Eastern Canada between 1889 and 1961 and 107 cases were
identified from the St. Lawrence region between 1880 and 1970. None of these reports provided
data on incidence.

Gessner et al. [1,10] have performed two investigations in Alaska from which incidence could
be calculated. The first was based on a retrospective review of surveillance data collected from 1973
to 1992 by the Alaska Division of Public Health. Based on overall population data from Alaska
and 117 reported cases during this period, the estimated incidence was 1.2 per 100,000 persons
per year.

The second study attempted to identify more clearly the incidence among high-risk popula-
tions by using a randomized telephone survey among two coastal populations. This study found
an incidence of 150 and 1,500 per 100,000 persons per year in Kodiak and Old Harbor, respec-
tively, and 560 and 1,570 per 100,000 persons per year among persons who reported consuming
shellfish collected from unregulated beaches. The incidence calculated from surveillance data from
the Department of Health for the same period was 6 and 170 per 100,000 persons per year for
Kodiak and Old Harbor, respectively. The large difference in estimated incidence between survey
and surveillance data indicates that even in a state with a high awareness of PSP, surveillance data
grossly underestimate true incidence.

Recently, investigators have postulated that PSP incidence has increased worldwide due to
increased oceanic eutrophication and possibly increased ocean commerce with subsequent disper-
sal of toxic dinoflagellate cysts [11,12]. Worldwide, compelling evidence exists that observed red
tides have increased recently, particularly in Southeast Asia. While Southeast Asia also has seen an
increase in reported PSP cases [13], for most of the world, few data points exist to assess whether
human illness has increased.

Anderson has summarized data showing that during 1990, more than twice as many areas world-
wide reported outbreaks of PSP compared to the number of areas with a reported outbreak during
1970. Summary data from Prakesh in the St. Lawrence region of Canada show that an average of
nine cases of illness per decade occurred during 1900-1950 while 47 cases occurred during the
1960s alone. One author suggests that this must represent a true increase since the symptoms of PSP
are sufficiently unique that they would immediately be recognized [14].

Despite this faith in surveillance systems and the clinical ability of medical providers, the data
of Anderson and Prakesh have several possible explanations other than a true increase in incidence.
These include better surveillance systems, an increase in the number of researchers interested in
PSP, lower rates of other diseases such that PSP has assumed a greater relative priority, changes
in shellfish consumption patterns (which in turn may be related to changes in social conditions
and population movements, including tourism), and increased awareness of PSP symptoms through
worldwide dissemination of medical knowledge.

Alaska has had a consistent surveillance system in place since the early 1970s. During the
11 years from 1973 to 1983, there were 70 cases of illness and 33 outbreaks; during the 11 years
from 1984 to 1994, there were 73 cases of illness and 34 outbreaks; and during the 11 years
from 1995 to 2005, there were 42 cases of illness and 22 outbreaks, with no cases being reported
since 2002 (Alaska Division of Public Health, unpublished data). Possible explanations for the
decreasing incidence of reported cases include fewer toxic human exposures and/or decreased
detection/reporting. In the past several years, there has been a decrease in the number of harvest area
closure days when compared to previous years (Alaska Department of Environmental Conservation,
unpublished data).



82 Seafood and Freshwater Toxins: Pharmacology, Physiology, and Detection

4.2.2 CLNICAL FEATURES

PSP toxins exert a local effect on the oral mucosa, leading to the rapid onset of perioral paresthesias
following exposure. For nine studies, where information was available, onset time ranged from a
minimum of 5 min to a maximum of 660 min. The median or mean time to illness onset ranged from
8 to 120 min [4,9,15-21].

Unlike ciguatera, the clinical presentation of PSP is reasonably consistent across populations,
possibly because individual PSP toxins differ in their quantitative rather than qualitative effects.
Three recent published reports include detailed descriptions of clinical symptoms and report on at
least 50 ill persons [4,9,22] (Table 4.1). Data from Guatemala and England come from single out-
break investigations while those for Alaska come from 20 years of surveillance. Despite this, and the
wide geographic distribution of the three areas, clinical presentation remains consistent.

The most common symptom, occurring in almost all affected individuals, is perioral paresthe-
sias, generally described as either numbness or tingling. Other than in the context of an outbreak,
health care providers should be cautious about diagnosing PSP in a person who does not have this
symptom. Furthermore, this is likely to be the only symptom that most people with PSP experience,
and therefore many patients with mild illness do not seek health care. Among persons who progress
to more severe illness, a minority report gastrointestinal symptoms including nausea, vomiting,
abdominal pain, and diarrhea.

More severe illness leads to a variety of neurological symptoms culminating, in some instances,
in respiratory arrest or death. Neurological symptoms may include weakness, dysarthria, diplopia,
ataxia, and vertigo or dizziness. One of the more interesting symptoms is a dissociative feeling,

TABLE 4.1
Symptoms of Paralytic Shellfish Poisoning in Guatemala,
England, and Alaska

Guatemala [4]  England [11] Alaska [9]

Symptom N =187 (%) N =78 (%) N =117 (%)
Gastrointestinal
Nausea 52 38
Vomiting 36 29
Abdominal pain 38
Diarrhea
Neurological 27 9
Paresthesia 97
Oral paresthesia 93 88
Acral paresthesia 86 83
Weakness 81 71 28
Ataxia 37 57 27
Dysarthria 66 23 14
Diplopia 39 16
Vertigo 86 24
Transient blindness 53
Floating sensation 66 21
Headache 80 41
Dyspnea 74 24 25
Paralysis
Outcome 3
Death 14 0

Hospitalized 70 26
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which has been described as floating in various reports. It is unclear why persons from Guatemala
did not describe this symptom, although it is possible investigators did not specifically inquire. Limb
paralysis is an uncommon event but may occur in severe cases.

Respiratory arrest and collapse represent terminal symptoms in cases of severe poisoning. These
symptoms may occur within minutes in a person who otherwise exhibits no evidence of respiratory
difficulty [23], emphasizing the need for symptomatic individuals to seek medical attention imme-
diately even though they have seemingly mild symptoms. Few data exist regarding how long after
toxin ingestion onset of respiratory arrest may occur: for four patients in Alaska, respiratory arrest
occurred from 75 to 240 min after toxin ingestion [20]. It is unclear whether PSP exerts significant
effects directly upon the myocardium. In one reported case, where the victim consumed mussels
containing a PSP toxin concentration of 19,418 ug/100 g tissue, cardiac arrest and ventricular fibril-
lation occurred despite prompt initiation of bag and mask ventilation at the onset of respiratory
failure [20].

Signs of PSP are nonspecific and may include sluggishly reactive or dilated and fixed pupils,
absent or diminished reflexes including deep tendon reflexes, and muscle weakness or paralysis.
In severe cases, PSP may clinically resemble brain death. It is possible, however, for patients to
retain consciousness despite complete muscular paralysis. The author has interviewed patients who
remembered the course of events from the onset of respiratory arrest through intubation. Among
other things, this suggests that patients with PSP should receive sedation before intubation. Unlike
ciguatoxin, PSP does not cause hypotension or bradycardia. Where blood pressure and heart rate
have been measured, patients have instead shown a normal rhythm and hypertension [20,22]. The
hypertensive effects reported may result from a direct action of PSP (although by an unknown
mechanism), stress, or the presence of other unidentified toxins (e.g., those with calcium channel
agonist activity) [24].

Death results from respiratory arrest and occurs in a variable number of cases, ranging from 0%
[22] to 14% [4]; the global case-fatality rate has been estimated to be as high as 8.5% [25], but less
than 1% in developed countries [10]. Differences in case-fatality rates may reflect different toxin
composition, different doses of toxin ingested, or—most critically—differences in access to emer-
gency medical services.

Six studies for which information was available reported a maximum duration of symptoms
of from 1 day to 14 days [4,9,15,20,21,26]. Prolonged illness, however, included such nonspecific
symptoms as weakness, headaches, memory loss, and fatigue. In general, recovery from neurologi-
cal symptoms is rapid and complete. Rodrigue et al., for example, reported that neurological symp-
toms resolved within 24—72 h [4]. Gessner et al. [23] described a person who progressed from an
appearance of clinical brain death to almost complete recovery within 28 h. No long-term clinical
effects of PSP have been reported, although it is worth mentioning that no reports exist in the litera-
ture of rigorous long-term neurological assessment of patients who have had PSP.

4.2.3 Toxic Dost

The minimum toxic dose represents one of the most critical pieces of information for regula-
tory agencies. Six studies have information available on toxic doses in humans [4,5,9,17,20,22]
(Table 4.2). From these, the values of interest are the minimum toxic and lethal doses, the minimum
toxic and lethal doses per kilogram body weight, the mean toxic dose, and the maximum asympto-
matic and nonlethal doses. The estimated minimum toxic dose varies greatly, from 13 to 2250 ug.
Minimum dose estimates from surveillance data, such as the 13 pg presented for Alaska, should be
viewed with skepticism since they may represent cases that were not actually PSP. This is particularly
true if they occurred as isolated cases and with mild symptoms. If this report is excluded, the mini-
mum toxic dose may be estimated as something greater than 100 ug, the equivalent of eating thirty-
one 4 g mussels or four 37 g butter clams at the U.S. Food and Drug Administration’s regulatory limit
of 80 ng/100 g tissue. It should also be noted that while this is a standard regulatory limit used world-
wide, the Philippines has set a lower limit of 400 pg/100 g tissue to protect children better [27].
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TABLE 4.2
Toxic Doses (in pg), of Paralytic Shellfish Poison

Alaska [9] Alaska [20]* Guatemala England [22]° British Columbia Eastern Canada

Category N =54 N=10 [4IN=5 N=71 [M7IN=2 [5] N=37
Minimum toxic dose 13 558 160
Minimum lethal dose 5,863 2,046 2,600
Minimum toxic dose 21
per kg
Minimum lethal dose 230 89 36
per kg
Mean toxic dose 5,452 9,176
Maximum nonlethal 123,457 5,580 8,272
dose
Maximum asymptom- 36,580 5,580 3,000
atic dose

* Reprinted from Gessner BD, Bell P, Doucette GJ, Moczydlowski E, Poli MA, Van Dolah F, Hall S. Toxicon 35:711-722,
1997. With permission from Elsevier Science.
® McCollum JPK, Pearson RCM, Ingham HR, Wood PC, Dewar HA. Lancet 2:767-770, 1968. © by the Lancet Ltd.

Three studies present the minimum lethal dose and all three are in general agreement that some-
where in excess of 2000 g represents a potentially lethal dose. There is more variation in the esti-
mated minimum lethal dose per kilogram (Table 4.2). The highest reported shellfish toxin levels are
approximately 20,000 pg/100 g tissue [15,20]. At this level, a lethal dose may be ingested from as
little as two 4 g mussels. If it is assumed that a lethal dose per kilogram is 36 g, then a child may
consume a lethal dose from eating a fraction of a mussel.

Three studies provide information on the maximum amount of toxin that an individual may
ingest without illness. This value ranges from 3,000 to over 36,000 g, placing these values consid-
erably above the level needed to induce potentially lethal illness. The reason for this is unclear, but
what is clear is the consistency of data that suggests that illness and illness severity are not related
to estimated ingested toxin dose in any simple way [5,9,22].

One study attempted to determine the toxin concentration in shellfish eaten by healthy people
[1]. Following random selection, participants were contacted by telephone and asked if they had
shellfish at their home that they had collected from unmonitored beaches. This study found that
29 people had eaten shellfish containing over 80 pg/100 g tissue on multiple occasions, including
some who had eaten shellfish that contained over 200 ng/100 g tissue. Of these 29 persons, one may
have experienced mild paresthesias.

4.2.4 GEOGRAPHIC DISTRIBUTION

Toxin-containing shellfish are encountered most commonly along cold-water marine coasts in
southern Chile, Japan, the North Sea, Canada, and the northern United States [26,27,29,30], and
PSP cases have been reported from as far south as Chile [25,31] and as far north as Alaska [9]. Other
cases have occurred in Australia [32], Taiwan [18], South Africa [16], England [22], Guatemala
[4], Costa Rico [21], Singapore [19], Canada [5,17], Spain [33], Mexico [34], Japan [35], and other
areas of the United States [15,36]. Similar to incidence, Anderson has raised the prospect that the
distribution of PSP is increasing. He supports this argument by identifying more than twice as many
areas that reported PSP during 1990 as during 1970. As mentioned here, it is problematic trying to
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determine if geographic and temporal trends represent changes in the occurrence of PSP or changes
in the occurrence of confounding factors.

4.2.5 TemMPORAL DISTRIBUTION

Most reports of clinical illness come from isolated outbreak investigations making conclusions
regarding seasonal and longer-term distribution difficult. A study of 20 years of surveillance data in
Alaska found that while the majority of cases occurred during late spring and early summer, cases
occurred during all seasons of the year and during every month except November and December [9].
Similarly, a large series in eastern Canada reported outbreaks between March and November with
the great majority occurring between June and September [5]. Outbreaks in Costa Rica and Mexico,
by contrast, have occurred during October and December [21,34]. Some species, such as mussels,
have rapid depuration of toxin, consistent with seasonal variation in outbreaks. Other species, how-
ever, such as the butter clam Saxidomus giganteus, may retain toxin for up to 2 years following a
single exposure to toxic dinoflagellates [5,37].

4.2.6 Risk FACTORS

No definitive risk factors for illness have been identified. Particularly surprising is the consistency of
reports that have failed to identify a correlation between estimated ingested toxin dose and illness.
Although no studies have been conducted in humans, animal studies suggest that antibodies or bind-
ing proteins may be produced against PSP components [38—42]. Genetic differences [43], differ-
ences in toxin components, and poor estimation of toxic dose may also help explain this finding.

Two studies have examined the role of alcohol consumption with one finding alcohol to have
no relation to illness [16] and the other study finding a protective role of alcohol [9]. Another study
found that Alaska Native race was associated with illness [1]. Finally, while one study suggests
that age increases the likelihood of death following exposure [4], another more recent evaluation
suggests just the opposite [44], and in one large PSP outbreak, the case-fatality rate was 7% for
adults but 50% for children [45]. Although PSP is a heat stable toxin, boiling the shellfish appears
to decrease the risk of illness because of elution of toxin into the water.

4.2.7 PusLc HEALTH IssUEs

The threat of PSP resulting from the consumption of commercial shellfish has led to the implementa-
tion of shellfish monitoring programs in many areas of the world with commercial shellfish harvests.
Regulators temporarily close harvest areas when toxin levels exceed the action level [46]. While they
are currently the most effective way of protecting the public from PSP intoxication, monitoring pro-
grams incur great costs to the farmers. For example, in Alaska the cost to the farmer of sampling for
PSP represents approximately 5% of the total crop value. The cost to society is higher because of the
added costs associated with the mouse bioassay performed by the State Health Department. Despite
these costs, there seems little disagreement among producers that rigorous monitoring must continue to
safeguard commercial interests as well as public health. Jensen reports on the economic consequences
of PSP outbreaks [47]. Another case, unrelated to PSP intoxication, provides a warning to the shellfish
industry: a single death in Belgium associated with canned salmon produced in Alaska led to a decrease
in market demand for all types of Alaskan salmon and the loss of an estimated $300,000,000 [48].
More problematic is monitoring of subsistence and recreational shellfish harvesting. In Washington
State, a marine Biotoxin Bulletin lists beaches that are closed to recreational harvest due to significant
levels of biotoxins. This bulletin is updated as changes occur [49]. The implicit message from this
program is that shellfish are safe to eat when a particular beach is not closed. In Alaska, however,
outbreaks of illness have occurred during all seasons [9]. Moreover, shellfish toxin levels may vary
widely from one section of a particular beach to another (Gessner BD, unpublished data) and as
demonstrated in the preceding section, one mussel may have sufficient toxin to cause death. Thus in
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Alaska, the Health Department has taken the position that shellfish harvested from noncommercial
beaches are unsafe to eat regardless of the season. Unfortunately, this position may conflict with the
cultural and nutritional benefits that derive from subsistence food harvesting [50] and, by its very
inflexibility, lead people to ignore it [1]. It may also lead to conflict between different government
agencies that are charged with different tasks, such as protecting the public health versus promoting
tourism. If recreational shellfish monitoring programs are implemented, they should consider the
following issues [37,48]:

e The geographic and temporal sampling frame, taking into account issues of safety, cost,
and fairness to a multitude of local communities.

e The representativeness of toxin levels in tested shellfish for an entire beach.

e The impact of a monitoring program on the public’s belief in shellfish safety; an unreal-
istic expectation of shellfish safety may lead to an increase in PSP cases.

e Given the expense and ethical issues associated with the current mouse bioassay, the
sources of funding and support for the program.

e The criteria that will be used to reopen a beach that has been closed.

Education programs also have the potential to impact the occurrence of PSP cases. A study in
Alaska found that residents held erroneous beliefs regarding PSP including that it could only occur
during the winter or following a red tide and that cooking or eviscerating the shellfish rendered it
safe [9].

4.3 CIGUATERA

4.3.1 INCIDENCE

Ciguatera is estimated to affect more than 50,000 persons annually [51,52], and is the most com-
mon foodborne illness related to finfish consumption in the world [53]. In 2000, Lewis produced a
table demonstrating ciguatera incidence rates by region (Table 4.3), and in 2000, Lehane and Lewis
updated ciguatera incidence data [54]. In the United States, approximately 5-70 cases of ciguat-
era per 10,000 people are estimated to occur each year in ciguatera-endemic states and territories,
including Hawaii, Florida, Puerto Rico, Guam, the U.S. Virgin Islands, American Samoa, and the
Commonwealth of Northern Mariana Islands [55]. A study from Hawaii reported that the incidence
varied among different islands from 3 to 34 per 100,000 persons per year during 1988 [51]. Within
islands, the incidence stayed relatively constant during 1984—1988 but on Kauai varied from a low
of 17 to a high of 105 per 100,000 per year. The South Pacific showed variation between nations
and territories, ranging from a low of 1 to a high of 653 per 100,000 per year [56]. As with Hawaii,
the incidence remained relatively constant within areas during 1973-1983. In 2000, Lehane and
Lewis produced an excellent visual image of the global distribution of ciguatera [54]. In the Eastern
Caribbean, disease incidence may vary from 3.3 to 730 per 100,000 persons per year on Cuba and
St. Thomas, Virgin Islands, respectively [57,58]. Incidence data are also available from Australia
[59] with a reported of 30 per 100,000 persons per year.

Certain islands or island groups in the South Pacific have extraordinarily high ciguatera inci-
dence rates. For example, on the island of Atiu in the Cook Islands, 19% of persons reported having
experienced ciguatera at some point in the past and 12% of the population had developed ciguat-
era during the 2-year period before the study (estimated incidence, 6,243 per 100,000 persons per
year) [60]. Even more dramatically, the population of the Gambier archipelago in French Polynesia
had an incidence of 22,700 per 100,000 per year during 1960-1984 [61]. The author of this study
emphasizes that the incidence in the South Pacific varies dramatically among different islands and
has increased among certain islands during 1960—1984 [61].

These latter two observations may be related to “decreasing diversity of marine and terrestrial
fauna” that in turn may be related to nuclear test explosions [61] and other environmental disruptions
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TABLE 4.3
Ciguatera Incidence by Area

Incidence (per

Location 100,000 per year)
Hawaii, 1988 [51]
Oahu 3
Kauai 13
Maui 11
Hawaii island 34
Hawaii state 8
South Pacific, 1973-1983 [56]*
American Samoa 87
Cook Islands 1
Fiji 16
French Polynesia 545
Guam 8
Kiribati 324
Nauru 7
New Caledonia 200
Niue 130
Papua New Guinea >1
Solomon Islands 2
Tokelau 653
Tonga 21
TIPI 173
Tuvalu 439
Vanuatu 25
Wallis and Futuna 9
Western Samoa 54
Virgin Islands [57] 365-730
Australia, 1965-1985 [59] 30

? Reprinted from Lewis ND. Soc Sci Med 23:983-993, 1986.
With permission from Elsevier Science.

of marine ecosystems [62,63]. As has been pointed out, however, significant disruptions to marine
ecosystems have occurred without an increase in ciguatera [64]. In addition, increases in ciguatera
poisoning may reflect changes in diagnostic capability and surveillance systems. Other possible
causes of regional increases in the incidence of ciguatera poisoning include: increased number of
persons fishing for and consuming contaminated fish, such as those employed on oceanic oil rigs,
which provide new habitats for dinoflagellates and the reef fish that feed upon them [65]; increasing
importation of contaminated fish in areas that have no naturally occurring ciguatoxin [66]; increas-
ing numbers of international travelers who may not possess local knowledge of which fish are safest
to eat [67]; and increasing ocean water temperatures, which might enlarge the global distribution
of ciguatera-producing dinoflagellates and provide a temporary increase in available nutrients for
dinoflagellates by killing portions of coral reefs [68,69].

During outbreaks of ciguatera, some authors have attempted to determine attack rates. Where
these data are presented, the attack rates following consumption of the same fish have been high.
Among five reviewed studies, the attack rates varied from 63% to 100% emphasizing the consist-
ent, although not necessarily uniform, distribution of ciguatoxins among the edible flesh of toxic
fish [70-74].
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4.3.2 CuLNIcAL FEATURES

A plethora of studies exists documenting the clinical presentation and course of ciguatera. In addi-
tion, at least 175 symptoms have been reported to occur during ciguatera [75], likely reflecting the
variety of toxins that may cause illness [76,77]. The present analysis does not attempt a comprehen-
sive review of all studies and all symptoms. Instead, a representative sample of large case series from
different areas has been gathered. Ciguatera presents with neurological, gastrointestinal, and cardiac
symptoms. The median or mean time from ingestion to onset of illness is longer than for PSP and in
different studies has varied from 5 to 7 h [71-73,78]. The minimum time reported (except for cases
where palytoxin is implicated) is 30 min while the maximum time is 48 h.

Five large series [59,78-81]—two from the Atlantic and three from the Pacific Ocean areas—
were reviewed (Table 4.4). Gastrointestinal effects include nausea, vomiting, diarrhea, and

TABLE 4.4
Ciguatera Symptoms by Area

South Pacific [79] Australia [59] Hawaii [80]  Miami, FL [78]  Virgin Islands

Symptom N =3009 (%) N =527 (%) N=203 (%) N=129 (%) [81]°N=33 (%)
Gastrointestinal
Diarrhea 71 64 65 76 91
Nausea 43 55 38
Vomiting 38 35 37 68 70
Abdominal pain 47 52 28 39
Neurological
Acral paresthesias 89 71 63 71 33
Circumoral paresthesia 89 66 61 54 36
Temperature reversal 88 76 48 36
Vertigo or dizziness 42 45 21 21
Ataxia 38 54
Diaphoresis 37 43 15 24 18
Tremor 27 31 9
Salivation 19 10
Dyspnea 16 28 2
Paresis 11 27
Cardiovascular
Bradycardia 13
Hypotension 12 2
Other
Myalgia 81 83 64 86
Arthralgia 86 79 4 52
Weakness 60 69 30 58
Chills 59 49 24 24
Headache 59 62 12 47
Pruritus 45 76 21 48 58
Dental pain 25 37
Neck stiffness 24 27 24
Watery eyes 22 41 4 21
Rash 21 26 3 9
Dysuria 19 22
Death 0.1 0.2

* Morris JG, Lewin P, Hargrett NT, Smith W, Blake PA, Schneider R. Arch Inter Med, 142:1090-1092, 1982. Copy-
right 1992, American Medical Association.
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abdominal pain. The predominant neurological effects include acral and circumoral paresthesias,
vertigo or dizziness, ataxia, and diaphoresis. Temperature reversal (also known as paradoxical dys-
aesthesia) is a well known feature of ciguatera, but one author points out that while cold objects may
feel hot, no reports exist of hot objects feeling cold [82]; these authors suggest that the symptom
may more closely resemble hyperesthesia than dysesthesia. Other common symptoms include myal-
gia, arthralgia, weakness, chills, headache, and pruritus. Cardiovascular symptoms include hypo-
tension [83] and bradycardia, as well as less commonly arrhythmias. Death is rare with only three
occurrences out of 3009 cases documented by Bagnis [79] and one occurrence out of 527 cases
documented by Gillespie [59].

Unlike PSP, there is a firm body of evidence that documents the occurrence of hypotension and
bradycardia with severe ciguatera. Katz, for example, reported bradycardia for 66% and hypotension
for 27% of cases in Hawaii [65] while Bagnis reported bradycardia for 14% and hypotension for
12% of cases in the South Pacific [79]. One report suggests that hypotension in ciguatera results from
parasympathetic excess and sympathetic failure [83]. Occasionally tachycardia has occurred as well.

Others have compared the symptoms reported in different regions and have noted that some
areas of the South Pacific (e.g., French Polynesia) have more severe symptoms than Hawaii, includ-
ing more temperature reversal and cardiovascular manifestations [80]. To take the studies compared
in Table 4.4 at face value, it appears that the South Pacific and Australia have a higher proportion of
persons with neurological symptoms (other than paresthesias) than persons in Hawaii or the Atlantic
region have and a lower proportion of persons with gastrointestinal symptoms. A geographic differ-
ence in the distribution of symptoms is consistent with the variety of toxins that may cause ciguatera.
One should exercise caution, however, in making a direct comparison. The studies of Bagnis and
Lawrence were designed prospectively while the others were retrospective. Moreover, it is not clear
from the reports whether symptoms that were not reported did not occur or were not assessed.

Some reports have suggested that symptoms may vary by the type of fish consumed. Bagnis
associated consumption of herbivores such as surgeonfish with gastrointestinal illness and con-
sumption of carnivores such as grouper with neurological illness [3]. Kodama and Hokama [84] and
Glaziou and Martin [85] found that, compared with consumption of herbivores, consumption of car-
nivores resulted in more severe disease including increased cardiovascular symptoms; in addition,
symptoms may differ following consumption of different carnivorous species. Presumably, these
findings represent the accumulation of different toxins or the same toxin at different concentrations
within different species.

In contrast to PSP, prolonged duration of symptoms in ciguatera is well documented. For two
studies where this information was available, the mean or median length of illness was 24 days and
72 days [65,86], but both of these studies included a small number of cases. Gastrointestinal symp-
toms resolve relatively quickly over several hours to a week [71-73,81]. Neurological symptoms—
including weakness, paresthesias, and temperature reversal—have been reported to last many months
[72,78,81,87], with one woman reporting paresthesias in her hands 18 months after eating barra-
cuda contaminated with ciguatoxin [88]. In one extreme example, polymyositis was documented
11 years after a case of ciguatera [89], although the causal link in this case is questionable.

4.3.3 GEOGRAPHIC DISTRIBUTION

Dinoflagellates that produce one or more of the toxins associated with ciguatera are found world-
wide within coastal waters between 35° north and south of the equator [90]. As has been pointed
out, however, ciguatera occurs more commonly on islands rather than continental coasts, the most
notable exceptions being Florida and the Great Barrier Reef of Australia [64]. It is hypothesized that
the implicated dinoflagellate thrives in areas most exposed to oceanic flows and does not thrive near
continents or other major landmasses with land runoff.

Several reviews have documented an expanding range for ciguatera poisoning [90-92]. Cases
of ciguatera associated with consumption of tropical fishes are being reported more commonly in
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temperate regions, in association with an expansion of travel and trade [67,93-95], including recent
new documentation of disease along coastal West Africa and its regional island archipelagos [96].
In the United States, cases have now been reported from fish caught as far north as North Carolina
[73] and a recent report documents the first outbreak in California, which was traced to fish caught
off the coast of Baja California, Mexico [97].

With increases in interstate fish transport, more outbreaks have occurred in areas without risk
of indigenous ciguatera such as Canada [86], Rhode Island [98], California [99], and Vermont
[100]. In addition, clinicians in any part of the world may see patients who present after acquir-
ing illness during travel [101,102]. Finally, one report identified a case of ciguatera that resulted
from the consumption of farm-raised salmon, raising the possibility of ciguatera occurring in novel
locations [103].

4.3.4 TempORAL DISTRIBUTION

Temporal differences may occur in the rate of ciguatera fish poisoning but, as with PSP, the occur-
rence of seasonal variations and the seasons of high risk vary by location. In Hawaii, the great-
est number of cases occurred during July, but no overall seasonal distribution was identified [80].
Similarly, no seasonal variation was found in the Virgin Islands [57]. In Miami, Florida, the majority
of cases occurred during May with a clear increase in cases during the spring and summer [78] while
in Puerto Rico, the majority of cases occurred during January, March, and April [87]. In Puerto Rico,
investigators have found consistent increases in the number of ciguatoxic barracuda during January
through April, but also have found less consistent increases during the summer and fall [104]. As
one review points out, fish may remain toxic for years following exposure to ciguatoxin, an obser-
vation that likely explains the reported increased risk of illness following consumption of older
and larger fish [76]. This finding may also help to explain the lack of seasonal variation in human
illness despite variations in dinoflagellate blooms. In Hong Kong, investigators have documented
no seasonal patterns to ciguatera food poisoning; interestingly, however, they have observed that
the annual peak activity of cholera follows the annual peak activity of ciguatera food poisoning by
2-3 months, suggesting that related environmental factors might affect both dinoflagellate and
Vibrio cholerae proliferation [105].

4.3.5 Risk FACTORS

While consumption of contaminated fish is the primary risk factor for ciguatera, transmission has
also been shown to occur via consumption of breast milk from an affected mother to her infant and
across the placenta to the embryo/fetus [106—108]. Numerous studies have attempted to identify fac-
tors that put exposed persons at increased risk for symptomatic ciguatera, although the outcomes and
risk factors measured have differed widely between these studies. One study reports an association
between illness and age [65], but three other studies report no association [66,78,80]; in addition,
cases have been reported among persons from less than 1 to 83 years of age [57]. Similarly, Bagnis
[79] and Glaziou [85] found 50-60% more males than females with ciguatera, but numerous other
studies have found no association with gender [57,65,71,78,81]; it is possible the described associa-
tion represents gender-specific differences in fish consumption practices in the South Pacific.

Perhaps the strongest documented association is between previous exposure to ciguatera and
either severity of illness relative to presumed dose [79,85] or illness [57,79]. Glaziou has explained
his findings by suggesting that humans may accumulate toxin. It should be kept in mind that two
smaller studies report no association with previous exposure [65,71]. Fish evisceration does not
appear to be protective [65, 81], despite concentration of toxin in specific organs, and, because the
toxin is heat stable, cooking also provides no protection.

Two studies suggest that alcohol increases the severity or chronicity of symptoms [73,102] while
a third found no association with severity of illness [71]. Two studies report no association with
race [78,81]. Other reported risk factors include exertion and eating large fish. All of the studies that
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examined risk factors, suffer from one or more methodological problems including lack of a control
group, retrospective design, lack of clear case definitions, failure to use appropriate denominators
(i.e., the population of persons who eat fish rather than the overall population), and lack of a sys-
tematic approach to measurement of risk factors and outcomes. The discrepancies between studies
may be attributable to these methodological flaws, to differences in population characteristics, or to
differences in toxin components among different areas.

4.3.6 PusLICc HEALTH IssUEs

The gold standard test for ciguatoxin detection is the mouse bioassay, which is expensive and time
consuming; therefore, research has been ongoing to develop a practical screening method for fish.
Because ciguatoxin bioaccumulates in humans, somebody who consumes fish containing ciguatoxin
levels that are too low to trigger a positive test result, might still cause clinical effects in some previ-
ously exposed persons. Therefore, regulatory hazard analysis and critical control point plans have
been difficult to approve. In 1997, a latex bead immunoassay test for the detection of ciguatoxin in
fish was developed (Cigua-Check®). The test is being used by private parties and nonregulatory agen-
cies in several countries, and is currently being reviewed by the Association of Official Analytical
Chemists—International and the U.S. Food and Drug Administration for chemical validation; the
present price is impractical for mass testing, however (approximately $23-28 for three tests) [109].

Regulatory alternatives to direct testing of fish include banning the sale of fish suspected to
cause ciguatera such as grouper, snapper, barracuda, and surgeon fish in French Polynesia [110] and
barracuda in Miami [78]; provision of education regarding ciguatera case identification to medi-
cal providers [78]; and using, despite its limitations, an assay for fish sampling with subsequent
withdrawal of toxic fish from the market [100,111-113]. In addition, where governments have not
acted, the combination of legal decisions and insurance industry pressure has prompted interven-
tions such as the placement of warnings on restaurant menus in endemic areas [114].

Ciguatera undoubtedly limits subsistence seafood harvesting in endemic regions, but the extent
of its impact is unclear and likely varies by location. Factors that affect whether the presence of
ciguatera limits seafood harvesting may include the economic scale of the fisheries industry relative
to other industries, the availability of other protein sources, and the perceived alteration of a state of
well-being from ciguatera poisoning relative to other health events. In the Pacific region, Lewis [56]
and Bourdy et al. [115] report a number of strategies that islanders have adopted to avoid ciguatera
including avoidance of high risk species, discarding the internal organs of fish, and feeding fish to
a pet and observing the reaction [56]. Additional strategies have been employed that are less effec-
tive or ineffective, such as cooking the fish with plant materials or feeling the texture of the fish.
Another report documents similar practices among the residents of the Dominican Republic [116].
It is unclear, however, how many people avoid fish because of the presence of ciguatoxin. In Puerto
Rico, an area with relatively high levels of health and a diversified economy, the threat of ciguatera
has been shown to lead people to avoid eating fish entirely [87].

Similar to the case with PSP, Bagnis and Lewis have suggested that ciguatera results in
the loss of hundreds of thousands of dollars in commercial fish harvesting in French Polynesia
[56,105,117]. The threat of ciguatera may also adversely affect the tourist industry, particularly
hotels and restaurants. A single well-publicized outbreak may adversely affect income not only at
one or several businesses but also for an entire circumscribed location that becomes associated with
the outbreak in the public’s viewpoint [117].

If this occurs, more specific regulatory intervention will not be far behind. Public health and
regulatory measures to control ciguatera should consider the relative value of a fish diet com-
pared to the risk of ciguatera, the economic and social importance of fish harvesting to a commu-
nity, the anticipated intervention when toxic fish are identified (particularly if toxic fish represent
a considerable portion of the total harvest), and guidelines for relaxation of specific restrictions
(e.g., import or export restrictions) once implemented.



92 Seafood and Freshwater Toxins: Pharmacology, Physiology, and Detection

4.4 AMNESIC SHELLFISH POISONING

4.4.1 INCIDENCE

The incidence of amnesic shellfish poisoning (ASP) is unknown, but appears to be low as only
one confirmed outbreak of human illness has been reported, which occurred in 1987 and involved
over 150 people, 19 hospitalizations, and 4 deaths. Following the detection of domoic acid in razor
clams in the State of Washington, an epidemiologic investigation was conducted to identify possible
cases of human illness [118]. Among 127 persons who had recently eaten razor clams, no illness
was identified.

4.4.2 CuLNIcAL FEATURES

Almost all of the information regarding clinical features derives from the originally described
outbreak in Canada involving 107 people [2,119]. Illness onset during this outbreak varied from
15 min to 38 h (mean, 5.5 h). The most common symptom was nausea (77%) followed by vomiting
(76%), abdominal cramps (51%), diarrhea (42%), headache (43%), and memory loss (usually but
not exclusively anterograde) (25%). Among hospitalized patients, symptoms included confusion,
disorientation, coma, mutism, grimacing, seizures, hiccups, and emotional lability. Physical findings
included no response to painful stimuli, piloerection with miosis or mydriasis, paresis, ophthalmo-
plegia, unstable blood pressure, and arrhythmias [2,119]. Three patients died. During examination,
several months after exposure, prolonged symptoms included memory deficits, atrophy and mild
weakness of the extremities, and hyporeflexia [119].

Quick used a case-control study to identify symptoms resulting from exposure to lower doses
of domoic acid [118]. Initial analysis suggested that persons with mild gastrointestinal and neuro-
logical symptoms had eaten razor clams with a higher concentration of domoic acid than persons
without symptoms had. Unfortunately, this study was not completed and further studies have not
been conducted. Consequently, the effect of low-dose exposure to domoic acid remains unknown.
The hypothesis exists that exposure to environmental chemicals, such as domoic acid, underlies some
human neurodegenerative disorders including Parkinson’s disease and dementia of the Alzheimer
type. A recent article, however, suggests that it is unlikely that progressive neurodegenerative disor-
ders are linked to environmental toxins [120].

4.4.3 Toxic Dost

During the Canadian outbreak, the implicated mussels contained from 31 to 128 mg of domoic
acid per 100 g of tissue and total ingested dose ranged from 60 to 290 mg [2]. Although not
reported in the original article by Perl, a subsequent article reported that a dose per kilogram
could be calculated for seven persons with mild symptoms and ranged from 0.9 to 2.0 mg/kg
[121]. Primate studies also suggest that 1 mg/kg represents a toxic dose [122]. Quick found that
cases and controls had eaten razor clams with 3.7 and 2.6 mg of domoic acid per 100 g of tissue,
respectively; the doses for these two groups were 12 mg (range, 4.2-29) and 6.5 mg (range,
0-24.4) [118]. The interpretation of this latter data is uncertain. It seems clear that ingesting
60 mg will lead to illness in some patients, but the lowest toxic dose remains to be determined. In the
United States, shellfish beds are closed to harvesting when the domoic acid concentration reaches
20 pg/g of shellfish meat [123].

4.4.4 GEOGRAPHIC DISTRIBUTION

While the geographic distribution of confirmed illness remains limited to eastern Canada, domoic
acid-producing diatoms have been isolated on the east and west coast of the United States and
Canada, Europe, Australia, New Zealand, Korea, Japan, and Vietnam [124], and therefore, monitor-
ing programs are becoming increasingly more common in these areas [30,125-127].
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4.4.5 TempORAL DISTRIBUTION

No temporal trend data for human illness exists. Similar to the case with other marine biotoxins,
some authors have argued that toxic blooms are increasing [123].

4.4.6 Risk FACTORS

Among ill persons, males and the elderly had an increased risk of memory loss and hospitaliza-
tion [2]. Perl has suggested that the association with age was due to increased renal disease in the
elderly and thus that domoic acid is excreted through the kidneys. By contrast, Auer has suggested
that increased susceptibility with age is related to the dendritic location of excitatory receptors and
the increased branching of neuronal dendritic trees among the elderly [128]. Because specific parts
of different species may concentrate toxin—for example, the viscera of dungeness crabs or the foot
of razor clams [129]—selective consumption of these parts may increase the risk of illness. In the
Canadian outbreak, cooking was not protective [2]; another study, however, suggests that boiling
dungeness crabs significantly reduces the visceral toxin level [130]. Some ethnic groups may have
an increased risk of toxin exposure because of different patterns of seafood consumption, for exam-
ple, the practice of eating the viscera of crabs among persons of Chinese descent in Washington
State [121].

4.4.7 PusLc HEALTH IssUEs

Based on current knowledge, domoic acid is primarily of public health concern because of its poten-
tial for widespread illness via commercial shellfish. During the original outbreak, 68% of persons
became ill in 1 of 45 different restaurants [2]. Based on this fear, regulatory limits for commercial
shellfish have been established. The current level of 20 pg/g of tissue (20 ppm) [131] was estab-
lished based on animal studies. A recent study suggests that, based on consumption patterns and
toxic dose estimates, a tolerable regulatory level would equal 20 ppm for razor clams and 32 ppm for
dungeness crabs [121]. It remains unclear whether the current regulatory limits are excessive or too
low for preventing human illness. It is clear, however, that these regulatory limits will result in peri-
odic fisheries closures as toxin levels in excess of 20 ppm have been found on numerous occasions
[132]. An updated 10-year frequency map for ASP in the United States is available at the Harmful
Algae Page, which is supported by a National Oceanic and Atmospheric Administration Center for
Sponsored Coastal Ocean Research Coastal Ocean Program grant to the National Office for Harmful
Algal Blooms [133].

4.5 TETRODOTOXIN

4.5.1 INCIDENCE

No reliable incidence data exist for tetrodotoxin poisoning. The most extensive data on tetrodo-
toxin poisoning comes from Japan where 6386 cases of puffer fish poisoning were reported dur-
ing the 78-year-period 1886—-1963 (59.4% were fatal) [134, 135]. If the average population during
this time is assumed to have been approximately 60,000,000, this implies a minimum incidence of
0.14 cases per 100,000 persons per year. Another report from Japan identified 2688 deaths due to
puffer fish ingestion during 1927 through 1949 [136]. Using the same denominator, this implies
that 0.2 deaths per 100,000 population per year occurred due to tetrodotoxin poisoning during this
period. Interestingly, with the exception of the period during World War II, the number of reported
puffer fish poisoning episodes in Japan during 1886—1963 remained relatively constant at 100-300
per year. In addition, during the same period no systematic decrease in the case fatality rate occurred.
More recently, 495 persons became ill from puffer fish ingestion during 1977-1986 [36].

Other Southeast Asian countries have also reported cases of tetrodotoxin poisoning. A
report from the Poison Control Center in Taiwan, with a 1989 population of approximately
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20,000,000, identified 20 outbreaks involving 52 patients during 1988 through 1995 [137]. This sug-
gests a minimum incidence of 0.03 cases per 100,000 population per year. Similarly, in Thailand,
with a 1989 population estimate of approximately 55,000,000, 71 persons developed tetrodotoxin
poisoning from horseshoe crab ingestion during January 1994 through May 1995 [138]. This suggests
a minimum incidence related to ingestion of this animal of 0.09 cases per 100,000 persons per year.
Forty-two outbreaks of tetrodotoxin-associated paralytic snail poisoning, involving 309 cases of
illness, occurred from 1977 to 2001 in Asia, especially in China [139].

4.5.2 CLINICAL SYMPTOMS

Symptom onset occurs within minutes and only rarely more than 6 h after eating a toxic animal
[137,140,141]. Perioral paresthesia is the most immediate and, with acral paresthesias, the most
common symptom (Table 4.5). Nausea and vomiting may or may not occur. Disease may progress
to dizziness or vertigo, weakness, ataxia, dyspnea, diaphoresis, and death from respiratory failure.
Similar to PSP, affected persons may report a floating sensation [141]. Clinical findings may include
mydriasis, motor paralysis, respiratory paralysis, tachycardia, and bradycardia [142]. In addition,
although hypotension has been a classic finding, at least three reports from Taiwan have documented
the occurrence of hypertension [137,143,144]; in one case the blood pressure rose to 300/140 with
death occurring 2 h after consumption of the implicated fish [144].

The mortality rate is dependent on, among other things, timely access to intensive care facilities.
In some series, it has approached 60% [133,145]. When death results, it usually occurs within 6 h,
and sometimes as rapidly as 17 min, following toxin ingestion. Persons who have not died within
24 h generally recover completely. Similar to PSP, symptoms of tetrodotoxin poisoning usually
resolve within 1-2 days and residual impairment has not been reported. The mortality rate from the
retrospective analysis of 42 outbreaks of tetrodotoxin-associated paralytic snail poisoning in Asia
was 5.2% and 16% had respiratory arrest [140].

Fukuda and Hani, as reported by Halstead [134] have divided tetrodotoxin intoxication into
four stages of progression. Stage 1 includes oral paresthesias with or without gastrointestinal symp-
toms. Stage 2 includes paresthesias of other areas and motor paralysis. Stage 3 includes muscular

TABLE 4.5
Tetrodotoxin Symptoms in Two Different Areas

Taiwan (Mainly Puffer Thailand (Horseshoe
Symptoms Fish) [137] N =52 (%)  Crab) [138] N =71 (%)
Acral paresthesias 54 87
Perioral paresthesias 48 94
Vomiting 40 30
Dizziness 37
‘Weakness 29 44
Headache 25
Dyspnea 17
Vertigo 12 42
Diaphoresis 9.6
Respiratory paralysis 33 27
Ataxia 27
Hypertension 25
Mydriasis 15 13
Hypotension 13
Cyanosis or tachycardia 9.6

Death 13 2.8
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incoordination, aphonia, dysphagia, respiratory distress, precordial chest pain, cyanosis, and hypo-
tension. Stage 4 includes depressed mental status, respiratory paralysis, and severe hypotension. As
measurement of tetrodotoxin levels in implicated seafood has not usually been performed, it remains
unknown whether this disease classification corresponds to either the toxin dose or other biological
parameters.

4.5.3 Toxic Dost

The toxic and lethal doses are not known. In Taiwan, 30 persons became ill following consumption
of the ovaries of an unknown species of fish. Subsequent testing of uneaten ovaries revealed toxin
levels of 54 mouse units (MU)/g and 287 MU/g of tissue with an estimated intake of no more than
74,000 MU [144]. A second study in Taiwan measured toxin levels in the implicated marine organ-
isms for six outbreaks with toxin varying between 13 (for gastropod mollusks) and 1200 (for puffer
fish roe) MU/g of tissue; unfortunately the amount of fish or mollusk eaten was not reported [137].
A study in Madagascar found that four persons were ill and one died following ingestion of tissue
with a toxin level of 16 MU/ g of tissue [146]. The lethal dose for humans has been estimated as
200,000 MU [144,147].

4.5.4 GEOGRAPHIC DISTRIBUTION

Human intoxication from tetraodontiform has occurred in a variety of species that live in diverse
ecosystems [148] including puffer and other tetraodontiforme fish, the blue-ringed octopus
[149,150], mollusks [137], horseshoe crabs [138], and the Oregon newt [151]. Moreover, tet-
rodotoxin-containing fish exist in tropical waters throughout the world [140]. For most popula-
tions, however, species that contain tetrodotoxin do not constitute a significant part of the diet.
Consequently, llness generally occurs in areas where potentially toxic animals such as puffer fish,
gastropod mollusks, and horseshoe and other crabs are commonly eaten: Southeast Asia and, more
specifically, Japan. In addition to Japan, Taiwan, and Thailand, intoxication has also been reported
from the South Pacific [152], Malaysia [153,154], Hong Kong [155,156], Singapore [157], Australia
[149,158], Madagascar [146], China [140], and Bangladesh [159]. It is possible that fatalities
from eating some species of crab on Negros Island, Philippines, also resulted from tetrodotoxin
poisoning [160,161].

Locally acquired tetrodotoxin poisoning has been reported in Mexico [162], and the United
States, where cases have occurred in Florida due to the consumption of locally caught puffer fish,
which were assumed to be contaminated with tetrodotoxin [163,164].

4.5.5 TemMPORAL DISTRIBUTION

Cases occur during all months of the year. It is not known whether the proportion of tetrodotoxic
fish has increased. Simple incidence data would not necessarily answer this question since pub-
lic health measures such as education and regulation of fugu chefs in Japan may effect incidence
estimates regardless of changes in the proportion of animals containing toxin. In addition, it is possi-
ble that improved medical care has lowered the number of lethal cases. The retrospective analysis of
42 outbreaks of tetrodotoxin-associated paralytic snail poisoning in Asia found no temporal
variation [140].

4.5.6 Risk FACTORS

No risk factors for tetrodotoxin poisoning are known. It is likely that intoxication and its severity are dose
dependent [137]. Age has not been shown to increase the risk of illness; in Taiwan, illness occurred in
persons from 9 months to 71 years of age [137]. The toxin is heat stable so that cooking is not protective.
Tetrodotoxin concentrates in the viscera and roe of some animals, such as puffer fish [148]. Presumably,
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removal of viscera will provide some measure of protection although cases have been reported where
only the flesh of the fish was eaten [137]. Previous exposure does not provide protection [140].

4.5.7 PusLic HeALTH IssUEs

No regulatory limits for tetrodotoxin have been established in the United States as personal importa-
tion of puffer fish is prohibited. An agreement between the U.S. Food and Drug Administration and
the Japanese Ministry of Health and Welfare has been adopted, which allows importation of fugu for
special occasions provided the fish is certified safe by the Japanese government before export [139].
Japan and Taiwan have attempted to control tetrodotoxin poisoning through licensing of restaurants
and chefs or by establishing regulatory limits for the sale of puffer fish [36]. As people may eat
tetrodotoxin from fish not served at restaurants, this approach will prevent only a portion of cases.
Some countries, including Japan, have enacted laws restricting the sale of certain species known to
cause tetrodotoxin poisoning [140].

4.6 NEUROTOXIC SHELLFISH POISONING

4.6.1 INCIDENCE

No data on neurotoxic shellfish poisoning (NSP) incidence exist in the literature. Less than
100 cases have been reported in the United States, approximately half of which came from a single
outbreak in North Carolina [165].

4.6.2 CLINICAL SYMPTOMS

The most rigorous analysis of data on NSP comes from an outbreak in North Carolina involving
48 persons [162]. The median latent period between ingestion and onset of illness was 3 h (range,
15 min—18 h) with a similar onset for both gastrointestinal and neurological symptoms. The most
common symptoms were paresthesias (81%), vertigo (60%), malaise (50%), abdominal pain (48%),
nausea (44%), diarrhea (33%), weakness (31%), ataxia (27%), chills (21%), headache (15%),
myalgia (13%), and vomiting (10%). Illness lasted from 30 min to 3 days (median, 17 h) and no
long-term symptoms have been reported. The symptoms reported from the North Carolina out-
break in general agree with other investigations of illness from Florida [166, 167], although cases
in Florida tended to have a shorter incubation period and less associated nausea and vertigo. Among
other causes, reported differences in symptoms may result from qualitative or quantitative differ-
ences in toxin consumption or more rigorous identification of milder cases. Death, if it occurs, is
exceedingly uncommon.

The above documents the consequences of toxin ingestion. A few reports suggest that inhalation
of aerosolized toxin may cause conjunctival irritation, rhinorrhea, respiratory irritation, and possibly
exacerbate or cause symptoms similar to reactive airways disease [168, 169]. Several recent studies
have provided additional evidence of adverse respiratory effects, including upper airway irritation
and discomfort, decreases in pulmonary function parameters, and worsening asthma symptoms, due
to occupational and environmental exposures to aerosolized brevetoxins.

4.6.3 Toxic Dost

During the outbreak in North Carolina, implicated oysters had a toxin level of 35-60 MU/100 g of
tissue. Two persons became ill after consuming less than 12 oysters, but in this group, the attack rate
was only 13%. At 12 oysters and above, the attack rate equaled 65%. If 12 oysters are used in the
calculation, and we assume a weight of 10 g per oyster, a low (but not minimum) toxic dose estimate
equals 42—72 MU. No lethal toxic dose estimates based on human intoxication episodes exist.
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4.6.4 GEOGRAPHIC AND TEMPORAL DISTRIBUTION

As summarized by Fleming, the causative agents of NSP have been found in Florida, North Carolina,
the Gulf of Mexico, Brazil, Spain, Japan, New Zealand, and the Solomon Islands [173]. Most reports of
illness and dinoflagellate blooms come from Florida, although this finding may represent differences in
surveillance rather than true differences in occurrence. No information on temporal distribution exists
as published reports have relied on outbreaks rather than systematically collected surveillance data.

4.6.5 Risk FACTORS

No risk factors for illness have been identified other than estimated ingested dose [162]. The inves-
tigation in North Carolina examined age, gender, the presence of chronic illness, medication use,
and alcohol consumption during the implicated meal and found no association with illness. As with
other marine neurotoxins, brevetoxin is heat stable and thus, cooking contaminated seafood will not
alter the risk of intoxication. Furthermore, the toxin is lipid rather than water-soluble [174] and thus,
boiling or steaming contaminated food is similarly unlikely to alter the risk of intoxication.

4.6.6 PusLICc HEALTH IssUEs

As with ASP, NSP is primarily of public health concern because of its potential for large outbreaks
via distribution in commercial seafood products. Because of this concern, public health agencies in
Florida have routinely monitored coastal waters for the presence of Ptychodiscus brevis since the
mid-1970s.
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5.1 INTRODUCTION

The combination of patch-clamp techniques, ®-toxins, and molecular strategies has revealed
a great heterogeneity of voltage-dependent Ca®* channels in neurons. Peptide toxins derived
from the venoms of marine snails Conus geographus (®w-conotoxin GVIA) and Conus magus
(w-conotoxins MVIIA, MVIIC, and MVIID), as well as from Agelenopsis aperta spider venom
(FTX; w-agatoxin IVA) are powerful diagnostic pharmacological tools to discriminate between dif-
ferent subtypes of neuronal Ca®* channels. Thus, the so-called high voltage-activated (HVA) Ca*"
channels are selectively recognized by w-conotoxin GVIA and MVIIA (N-type), by low concentra-
tions (nanomolar) of w-agatoxin IVA (P-type), or by high concentrations of m-agatoxin IVA (micro-
molar) or the w-conotoxins MVIIC and MVIID (Q-type). L-type HVA Ca”* channels present in
neurons, cardiovascular tissues, skeletal and smooth muscle, and in endocrine cells are targeted
by so-called organic Ca®* antagonists such as the 1,4-dihydropyridines (DHPs) nifedipine or
Bay K 8644, the benzylalkylamine verapamil, or the benzothiazepine (BTZ) diltiazem; they are also
specifically blocked by snake toxins calciseptine and calcicludine. Wide-spectrum ®-toxins
(w-conotoxin MVIIC, w-agatoxin IA, IIA, and IIIA) and organic compounds (flunarizine, dotarizine,
cinnarizine, fluspirilene, R56865, and lubeluzole) can block several classes of HVA Ca”* channels,
including the L-type. A neuronal R-type HVA channel seems to be sensitive to SNX-482, a peptide
from the venom of the African tarantula Hysterocrates gigas. Low-voltage-activated (LVA) channels
(T-type) are blocked by 1-octanol, amiloride, and mibefradil, and are more sensitive to Ni%* than to
Cd**; no toxins that recognize these channels are known.

It is interesting that a single cell can express different subtypes of HVA Ca®" channels and that
the quantitative expression of each channel subtype differs with the animal species. The example of
adrenal medulla chromaffin cells is illustrative. In the bovine, P/Q-type (45%) and N-type (35%) are
predominant; the L-type Ca®* channel carries a minor component of the whole-cell current (20%).
In the rat and the mouse, the L-type predominates (50%), together with the N-type (35%), whereas
the P/Q family accounts for a minor component (15%). In cat chromaffin cells, L-type Ca®* chan-
nels carry 50% of the current and N-type channels carry 45%; P/Q account for only 5%. In human
chromaffin cells, P/Q-type Ca*" channels dominate (60%) while in pig chromaffin cells N-type
channels are predominant (80%). The functional significance of this variety of Ca*" channels begins
to be understood.

Ca®* channels consist of a multiple subunit protein complex with a central pore-forming o,
subunit and several regulatory and/or auxiliary subunits, which include B subunits, y subunits, and
the disulfide-linked o,/8 subunit. The o; subunit contains the Ca*" conductance pore, the essential
gating machinery, the receptor sites for the most prominent pharmacological agents, and modulatory
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sites for G-protein subunits, protein kinase-induced phosphorylation, or exocytotic machinery pro-
tein binding sites. The mammalian family of Ca®* channel o, subunits is encoded by at least ten
genes. These subunits are grouped in three families, Cavl, Cav2, and Cav3 that give rise to inward
Ca®* currents termed HVA or L, N, P/Q, and R channels, and LVA or T-type channels.

Marine toxins have been invaluable tools to recognize the role of each channel subtype in
controlling the Ca**-dependent exocytotic release of a given neurotransmitter. Thus, N-type Ca**
channels are highly involved in the control of norepinephrine release from sympathetic neurons,
as well as acetylcholine release from the electric fish muscle end plate, the myenteric plexus, and
detrusor muscle. Also N-channels partially control the nonadrenergic noncholinergic (NANC) neu-
rotransmission in smooth muscle, y-aminobutyric acid (GABA) release in cerebellar neurons, gly-
cine release in dorsal horn neurons of the spinal cord, epinephrine release from the dog adrenal,
dynorphin release in dentate gyrus, and the synaptic neurotransmission in retinal ganglion neurons
and the hippocampus. P channels dominate the release of GABA from deep cerebellar neurons,
glycine from dorsal horn neurons of the spinal cord, and acetylcholine from the mammalian neu-
romuscular junction. They also seem to participate partially in the control of the release of other
neurotransmitters. Up to now, Q channels have been implicated in the control of neurotransmission
in the hippocampus and in the release of catecholamines from bovine chromaffin cells. L-type Ca**
channels dominate the release of catecholamines in rat and cat chromaffin cells, and partially control
the secretory process in bovine chromaffin cells.

A critical question is why a neurosecretory cell expresses several Ca”* channel subtypes. In
bovine adrenal chromaffin cells L, N, P, Q, and R channels have been found; depending on the
stimulus and the experimental conditions, all of them seem to be involved in the control of cat-
echolamine release induced by depolarizing stimuli. It is uncertain whether a given Ca** channel
subtype colocalizes more than others do with the secretory machinery of chromaffin cells. Many
other questions remain unanswered, for instance, to find a selective blocker for the R type channel.
A third question relates to the number of Ca** channels yet unrecognized. The functions of the Ca**
channels not related to exocytosis (i.e., the neuronal L-type channels) are beginning to be discov-
ered; thus, Ca®* entry through these channels may cause gene induction, apoptosis, or preferentially
activate endo- over exocytosis, in bovine chromaffin cells [1]. Finally, it is important to stress the
need of finding nonpeptide molecules to target specifically different channel subtypes; these com-
pounds should cross the blood-brain barrier and thus serve as therapeutic drugs to treat different
brain diseases. We will review all these aspects in this chapter, emphasizing on the use of ®-toxins
as tools to identify Ca®* channels, Ca** signals, and cell function, particularly exocytosis.

5.2 ®-TOXINS AS DIAGNOSTIC PHARMACOLOGICAL TOOLS

Some static or slow animals, both terrestrial (snakes, spiders) and marine (snails), have developed
venoms containing potent neurotoxins to capture their prey with high efficiency and speed. The
efficiency of the method used to capture the prey will influence the venom content evolved by a
predator.

One of the most representative examples of venomous animals is constituted by the Conus
marine snails [2]. Of the approximately 500 Conus species, about 40—100 prey primarily on fish
(fish-hunting species), and these species use two parallel physiological mechanisms requiring mul-
tiple neurotoxins to immobilize fish rapidly [3]: neuromuscular block and excitotoxic shock. Fish-
hunting Conus snails use a harpoon-like device to inject their venom in their preys. The venom
contains a cocktail of neurotoxins that will cause a double-phase paralytic process (Table 5.1), with
an initial phase characterized by a fast paralysis with tetanus and a second phase characterized by a
flaccid paralysis. Finally, the fish will be engulfed by the snail.

The fast paralysis of the phase I is mediated by two groups of neurotoxins, the 8-conotox-
ins, that suppress the inactivation of the voltage-dependent Na* channels, thus causing an increase
in Na* influx; and the K-conotoxins that block K* channels not allowing the cells to repolarize.



110 Seafood and Freshwater Toxins: Pharmacology, Physiology, and Detection

TABLE 5.1

Paralytic Process Induced by the Venom of Conus
Marine Snails and Neurotoxins Implied with Their
Mechanisms of Action

Phase I: Fast paralysis with tetanus (rapid immobilization)

4-Conotoxins Suppression of N a* channel inactivation
(increases Nat influx)
K-Conotoxins Blockade of K' channels

Phase II: Flaccid paralysis

a-Conotoxins Blockade of nicotinic acetylcholine receptors
p-Conotoxins Blockade of voltage-dependent Na' channels
y-Conotoxins Blockade of nicotinic acetylcholine receptors
x-Conotoxins Blockade of K* channels

3-Conotoxins Suppression of Na' channel inactivation
®-Conotoxins Blockade of voltage-dependent Ca** channels

This combination of toxins lead to hyperactivity of the fish, followed by a continuous contraction and
extension of major fins, without death. The second phase consists in a flaccid state and is caused by
a different cocktail of neurotoxins (see Table 5.1): the a-conotoxins that block nicotinic acetylcho-
line receptors; the p-conotoxins that block voltage-dependent Na* channels; the y-conotoxins that
also block nicotinic acetylcholine receptors; the K-conotoxins that cause the blockade of K* chan-
nels; the 8-conotoxins that suppress the inactivation of the voltage-dependent Na* channels, and the
o-conotoxins that block voltage-dependent Ca** channels, and are the subject of this chapter.

Another example of venomous animals is the funnel-web spider A. aperta that has a potent
venom with paralytic properties. As in the Conus, the venom of this spider possesses a mixture of
toxins with different targets, with the polyamines and the polypeptides being the main components
of such venom. The polyamines group is composed of the FTX, which targets voltage-dependent
Ca’" channels [4] and the acylpolyamines (o-agatoxins), most of which are blockers of glutamate
receptors. The other group, the polypeptide toxins, is composed of the m-agatoxins that selectively
block different subtypes of voltage-dependent Ca** channels [5], and the p-agatoxins that are potent
activators of voltage-dependent Na* channels. This combination of toxins secures a fast and revers-
ible paralytic effect (induced by the o.- and p-agatoxins) with a slower but irreversible paralysis of
the prey, induced by the w-agatoxins.

Finally, venoms from different snakes from the Elapidae and Hydrophidae families also con-
tain a cocktail of different paralytic toxins, some of which are selective for voltage-dependent Ca*
channels. For instance, the venom of the black mamba Dendroaspis polylepis polylepis contains a
toxin termed calciseptine, which selectively blocks L-type Ca®* channels [6] and the venom from
the green mamba D. agusticeps contains calcicludine, a toxin that acts as a potent blocker of most
of the HVA Ca®" channels [7].

5.3 o-TOXINS FORTHE CHARACTERIZATION OF
VOLTAGE-DEPENDENT Ca** CHANNELS

As indicated, m-conotoxins are found in almost all fish-hunting Conus species examined up to now.
The most thoroughly studied are the venoms from C. geographus, C. magus, and C. striatus. Several
of these peptides have been purified, sequenced, and synthesized (with similar potency as the natu-
ral toxins) and they have become important tools for the identification and characterization of the
different subtypes of voltage-dependent Ca>* channels found in neuronal tissues.
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w-Conotoxin GVIA CKSOGSSCSOTSYNCCR. SCNOYTRKCY

o-Conotoxin MVIIA CKGKGAKCSRLMYDCCTGSC. . RSGKC
®-Conotoxin MVIIC CKCGKGAPCRKTMYDCCSGSC. GRRGKC
o-Conotoxin MVIID CQGRGASCRKTMYNCCSGSC. . NRGRC

w-Conotoxin SVIA CRSSGSOCGVTSI . CC. GRC. . YRGKCT

Disulfide linkages C..... C..... CC...C.... C

FIGURE 5.1 Upper panel shows the sequence of ®-conotoxins isolated from Conus geographus (GVIA),
Conus magus (MVIIA, MVIIC, and MVIID) and Conus Striatus (SVIA). Lower panel shows the arrangement
of the cys residues that constitutes the “four-loop” structure.

5.3.1 o-CONOTOXINS

o-Conotoxins are small peptides containing 24-29 amino acid residues (Figure 5.1); they share
several features, which are common to all m-conotoxins. More characteristic is the presence of six
cys residues, with three intramolecular disulfide bridges, forming a structure known as “four-loop
framework™ [8,9]. This arrangement of Cys residues is similar to that observed in d-conotoxins,
which target voltage-gated Na* channels [10].

Although the sequence of different w-conotoxins has great interspecies variations, they can com-
pete for the same Ca*" binding site and show similar physiological effects. For instance, m-conotoxin
GVIA [11] and ®-conotoxin MVIIA [12] have a homology lower than 30% in the non-Cys residues,
but both target N-type Ca** channels (as described below) and elicit similar biological effects; the
major differences are that w-conotoxin GVIA blocks N-type Ca®* channels in an irreversible manner
[2,13], whereas ®-conotoxin MVIIA does it in a reversible manner [14,15].

Other m-conotoxins have broader Ca®" channel blocking properties than m-conotoxin GVIA
and w-conotoxin MVIIA. Complementary DNA (cDNA) clones encoding a previously unknown
o-conotoxin were identified from a cDNA library made from the venom duct of C. magus [16]. The
predicted peptides m-conotoxin MVIIC and ®w-conotoxin MVIID were chemically synthesized and
characterized. Both peptides inhibit N-type Ca*" channels and P-type Ca®" channels, but also other
Ca®* channels resistant to DHP, ®-conotoxin GVIA, and w-agatoxin IVA [16], and thus, they consti-
tute actually an important tool for the characterization of P/Q-types of Ca*" channels, as described
below. Some differences between the ®-conotoxins relate to the reversibility of its blocking effects,
and thus, N-type Ca®* channels can be blocked in an irreversible manner by ®-conotoxin MVIIC but
in a reversible manner by w-conotoxin MVIID [17].

5.3.2 Q-AGATOXINS

o-Agatoxins derived from the venom of A. aperta are also a heterogeneous group of polypep-
tides (5-100 kDa) that specifically target voltage-dependent Ca®" channels. Four subtypes of ®-
agatoxins have been identified up to now [5,18,19]. Type I w-agatoxins (w-Aga-IA, ®-Aga-IB, and
-Aga-IC) are potent blockers of neuromuscular transmission in insects. Of these, the most studied
is w-agatoxin IA, which seems to block both L- and N-type Ca** channels [20]. Type II 0-agatoxins
have a spectrum of action on neuronal Ca®* channels in vertebrates similar to that of w-agatoxin IA,
although they may block Ca®* channels by a different mechanism [21]. ®-Agatoxin IIA has been
shown as a potent blocker of both L- and N-type Ca*" channels [22].
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Type III w-agatoxins (w-Aga IIIA, w-Aga IIIB, ®-Aga IIIC, and w-Aga IIID) have a broader
spectrum of blockade than other agatoxins and block several subtypes of voltage-dependent Ca>*
channels. Of these, w-agatoxin IITA has been shown to be a potent inhibitor or L-, N-, and P/Q-type
Ca’" channels in neurons of rats and frogs [23—25]; it shows a very high potency (ICs, <1 nM) for
both inhibiting L- and N- channels, being more potent than ®-conotoxin GVIA for blocking N-type
channels [26]. Efficacy of blockade induced by w-agatoxin IITA is higher for L-type channels and
decreases for N- and P/Q-type Ca®* channels [24]. In these latter channel subtypes, m-agatoxin IIIA
seems to act as a high-affinity partial antagonist, blocking less than 50% of Ca>* conductance [24].

Type IV w-agatoxins (m-Aga IVA and m-Aga-IVB) show a different pharmacological effect
to that described for other w-agatoxins, and, in addition to N-type Ca®* channels, they also block
P-type Ca’* channels with a K, of 2-3 nM [22,27,28].

5.3.3 FTIX

The toxin fraction (FTX) of A. aperta spider venom can be also used as a P-type Ca®" channel
blocker. In fact, this toxin was initially used to describe and characterize P-type Ca*" channels
in Purkinje cells [4,29,30]. Although FTX was initially considered to be selective for P-type
Ca®* channels, later it was shown to block other ionic channels [31].

5.4 DIVERSITY OF VOLTAGE-DEPENDENT Ca** CHANNELS

Two approaches are mainly responsible for the discovery of the rich diversity of voltage-dependent
Ca’" channels. On the one hand, the characterization of the biophysical properties of Ca*" channels
(kinetics of activation, inactivation and deactivation, voltage-range for activation, and conductance),
both at the single-channel and at the whole-cell level has been possible, thanks to the improvement
of the patch-clamp techniques [32]. On the other hand, the isolation, purification, and synthesis of
different neurotoxins have provided ligands with remarkable discrimination for different subtypes
of high-threshold DHP-resistant Ca’" channels [2].

With the combination of the patch-clamp techniques and these pharmacological probes, at least
five subtypes of voltage-dependent Ca*" channels have been described up to now: T, L, N, P/Q, and
R (Table 5.2). These channels can be classified according to their range of activation in two main
groups: one with a low threshold for activation (low-voltage-activated, LVA) and the other with a
high threshold for activation (high voltage-activated: HVA).

5.4.1 LVA CHANNELs: T-Type Ca®" CHANNELS

The first attempt to identify different subtypes of voltage-dependent Ca®* channels was carried out
by Carbone and Lux [33], who identified two types of channels, those that open with small depo-
larizations from a hyperpolarized holding potential, so-called LVA channels; and those that require
higher depolarizations to open, so-called HVA channels.

In addition to its low threshold for activation, LVA Ca®" channels [33] are characterized by
a similar permeability for Ca®" and Ba®' [34,35]. This channel was termed T (for “Transient” or
“Tiny”), with its fast inactivation, which generates a transient current, and their inactivation when
the holding potential is fixed between —60 and —50 mV as the main characteristics of this channel.
The single-channel conductance has been estimated to be around 8 pS.

Pharmacologically, T-type channels can be distinguished from other subtypes, because they are
more sensitive to blockade by the inorganic Ca®* channel blocker Ni** than to Cd** [34,35]. It has
also been described that T-type channels can be blocked by l-octanol, amiloride, the antihyperten-
sive drug mibefradil [36], and ethosuximide [37]. Interestingly, a new scorpion toxin (kurtoxin)
that binds to the o, gT-type Ca®* channel with high affinity was identified; it inhibits the channel by
modifying voltage-dependent gating [38].
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TABLE 5.2
Calcium Channel Subtypes according to Their o,,-Containing Subunit

Calcium Channel Type

(Novel (Traditional Type of
Nomenclature) Nomenclature) Current Blockers Activators Tissue Location

Cav 1.1 Ols L Nifedipine Bay K 8644 Skeletal muscle
Nisoldipine FPL64176
Nitrendipine
Cav 1.2 Oc L Nifedipine Bay K 8644 Heart
Nisoldipine FPL64176 Smooth muscle
Nitrendipine PCAS50941 Brain
Pituitary
Adrenal medulla
Cav 1.3 ip L Nifedipine Bay K 8644 Brain
Calcicludine FPL64176 Pancreas
PCAS50941 Adrenal medulla
Cochlea
Kidney
Ovary
Cav 1.4 Ol L Nifedipine Bay K 8644 Retina
FPL64176
Cav 2.1 oA P/Q m-aga- IVA Cerebellum
o-ctx-MVIIC Pituitary
o-ctx-MVIID Cochlea
Adrenal medulla
Cav 2.2 O N o-ctx-GVIA Brain
o-ctx-MVIIA Peripheral nervous
system
Adrenal medulla
Cav 2.3 o R SNX-482 Brain
Cochlea
Retina
Heart
Pituitary
Adrenal medulla
Cav 3.1 O T Mibefradil Brain
Peripheral nervous
system
Adrenal medulla
Cav 3.2 Oy T Heart
Brain
Kidney
Liver
Adrenal glomerulosa
Adrenal medulla
Cav 3.3 Olp T Brain

m-aga-IVA, m-agatoxin IVA; o-ctx-GVIA, ®-conotoxin GVIA; w-ctx-MVIIA, ®-conotoxin MVIIA; ®-ctx-MVIIC,
m-conotoxin MVIIC; w-ctx-MVIID, w-conotoxin MVIID.
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T-type currents are difficult to record in chromaffin cells. Although we have detected
T-type channel messenger (mRNA) in bovine chromaffin cells [39], we have been unable to record
T-type currents. However, there are three studies reporting T-type Ca”* currents in bovine [40] and
rat chromaffin cells [41,42]. It has been suggested that T-type Ca** channels are mainly expressed
in immature developing chromaffin cells [41]. Recently, T-type channels of the o, class have been
found to be expressed in rat chromaffin cells exposed to cyclic adenosine monophosphate (cAMP)
[43]; those channels were found to trigger a secretory response [44]. This oy T-type Ca’* channel
has also been identified in rat adrenal glomerulosa zone [45].

5.4.2 HVA CHANNELS

High-voltage activated (HVA) channels are characterized by their activation by strong depolarizing
steps [34,35], a higher permeability to Ba>* than to Ca®*, and a higher sensitivity to Cd** than to
Ni%*, in contrast to LVA channels. Up to now, five major subtypes (L, N, P, Q, and R) of HVA chan-
nels have been identified. The major differences between them are related to their inactivation kinet-
ics and their pharmacological properties.

5.4.2.1 L-Type Ca®* Channels

L-type (for “long lasting”) Ca®* channels are kinetically characterized by showing little inactiva-
tion during depolarizing steps (Tjp. >500 ms) and their lower sensitivity to depolarized holding
potentials. Single-channel conductance was estimated to be around 18-25 pS. This subtype of Ca*"
channel seems to be present in all excitable cells and in many nonexcitable cells, and they constitute
the main pathway for Ca>* entry in heart and smooth muscle, serving also to control hormone and
transmitter release from endocrine cells and some neuronal preparations. Four different o; subunits
(Olyc, Oy, O, and oug) are responsible for L-type Ca* currents in different tissues (see Table 5.2).

Pharmacologically, L-type Ca®" channels are highly sensitive to DHPs (Table 5.2), both
agonists (i.e., Bay K 8644) and antagonists (i.e., nifedipine, nimodipine, and furnidipine). DHP
agonist effects are characterized by the prolongation of the mean time for channel opening [46,47],
typically observed in whole-cell electrophysiological recordings as a prolongation of tail
currents [48].

Other organic compounds have been described to effectively block L-type Ca’" channels
[49,50]: the arylalkylamines (i.e., verapamil) and BTZs (i.e., diltiazem) are particularly useful in
cardiac and smooth muscle cells, where they exert negative inotropic effects. Some piperazine
derivatives (cinnarizine, flunarizine, dotarizine, and R56865) also block L-type Ca’" channels, but
they block other subtypes of Ca®" channels and thus, have been proposed as “wide-spectrum” Ca*"
channel blockers [51-53]. The same is true for imidazole antimycotics [54]. Some toxins have also
been shown to block L-type Ca?* channels, either selectively (calciseptine and calcicludine) or in a
nonselective manner (w-agatoxin IA, w-agatoxin ITA, and w-agatoxin IIIA).

L-type currents have been characterized in bovine [55-60], rat [47,61], mouse [62], pig
[63], cat [64], and human chromaffin cells [65]. Recent studies have presented molecular
evidence that L-type currents in chromaffin cells are carried out by two different Ca>* channels: o,
and o, [66].

5.4.2.2 N-Type Ca** Channels

N-type Ca** channels display faster inactivation kinetics (Ti,,; 50—80 ms) than that of L-type chan-
nels. This relative fast inactivation usually leads to their inactivation when maintaining a depolarizing
holding potential, although in some preparations, N-type Ca** channels can contain a noninactivat-
ing component, even at the end of long depolarizations, for instance, in bovine chromaffin cells in
which N-type channels have been described as “nonclassical N-type” [57]. Single-channel conduct-
ance of N-type channels has been estimated to be around 13 pS.
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Pharmacologically, N-type Ca>* channels are characterized by the irreversible blockade induced
by the C. geographus toxin ®-conotoxin GVIA [2,46,67] and the reversible blockade induced by the
C. magus toxin w-conotoxin MVIIA (Table 5.2) [14,15]. Other wide-spectrum toxins as m-conotoxin
MVIIC and m-conotoxin MVIID [16,68] can also block N-type Ca*" channels in a nonselective
manner. This is also the case for m-agatoxin IIA, w-agatoxin IITA, and ®w-grammotoxin SIA (isolated
from the venom of the tarantula Grammostola spatulata).

N-channel currents have been characterized in chromaffin cells of various species including
bovine [57,69], pig [63], cat [64],rat[47], mouse [62], and human [65]. This current suffers voltage-
dependent inactivation [34,70], but see reference [57], and is irreversibly blocked by m-conotoxin
GVIA [11] and ®-conotoxin MVIIC [16,17] or reversibly blocked by w-conotoxin MVIID
[17,68].

5.4.2.3 P-Type Ca*" Channels

P-type Ca’* channels were first described by Llinds et al. [29] in cerebellar Purkinje cells, in which
Ca*" currents were resistant to blockade by DHPs and w-conotoxin GVIA. The toxin fraction from
the venom of the funnel web spider A. aperta (FTX) was found effectively to block this resist-
ant current, and these results led these authors to suggest the existence of a new subtype of HVA
Ca”* channel, which was termed P (for “Purkinje”).

P-type Ca* channels are characterized by their relative insensitivity to changes in the holding
potential, and do not inactivate during depolarizing steps [22,71,72]; multiple single channel con-
ductances have been described for P-type Ca®* channels [73,74].

Pharmacologically, P-type Ca®*" channels can be blocked by FTX and its synthetic analog
synthetic funnel-web toxin (sFTX) and by w-agatoxin IVA at concentrations in the nanomolar range
(<30-100 nM). This toxin is actually accepted to be the selective probe to identify the presence of
P-type Ca’" channels (see Table 5.2). P-type Ca®* channels can be also blocked in a nonselec-
tive manner by w-conotoxin MVIIC [16,68], w-conotoxin MVIID, and by ®-grammotoxin
SVIA [75-78].

Nanomolar concentrations of m-agatoxin IVA known to fully and selectively block P-type chan-
nels [22,72], cause only a 5-10% blockade of Ca’* channel current in bovine chromaffin cells [79].
Previous studies reported larger contributions of P-type channels to the whole chromaffin cell Ca*"
currents; however, this blockade is now attributable to inhibition of Q-type channels [80] by sSFTX [81]
or large concentrations of w-agatoxin IVA [55,82]. In cat chromaffin cells, combined w-conotoxin
GVIA plus nisoldipine blocked 90% of the current, leaving little room for P-type channels [64]. In
rat [47] and mouse chromaffin cells [62], the m-agatoxin IVA-sensitive current fraction was only
10-15%. Thus, in all species studied, P-type channels are barely expressed in chromaffin cells.
This, together with the difficulty of separating the o, subunit into P- and Q-type channels [83]
suggests the convenience of speaking of P/Q-type channels rather than of two separate Ca>* channel
subtypes.

5.4.2.4 Q-Type Ca’' Channels

In many neuronal preparations, a significant component of the whole-cell current through Ca*
channels is resistant to blockade with DHPs, w-conotoxin GVIA, and w-agatoxin IVA (<100
nM), suggesting the presence of a subtype of Ca’" channel different from L-, N-, and P-types.
The isolation, purification, and synthesis of the toxin from the marine snail C. magus ®-conotoxin
MVIIC [16,68] led to the identification and characterization of a new subtype of HVA channel
termed Q [80,84].

Characterization of Q-type Ca®" channels is mostly based on pharmacological criteria. As
described, Q-type channels are resistant to blockade by DHPs, w-conotoxin GVIA, and low doses
(<100 nM) of w-agatoxin IVA, but they are sensitive to w-conotoxin MVIIC (1-3 pM). Increasing
concentrations of m-agatoxin IVA (up to 2 uM) can also block Q-type Ca*" channels [80]. It should
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be noted that these toxins, used to identify Q-type channels, are not selective for this subtype of
channel, and they also block N- and P-types in a nonselective manner. Other toxins that can also
block this subtype of Ca** channel include the C. magus snail toxin ®-conotoxin MVIID [68] and
the G. spatulata tarantula toxin ®-grammotoxin SIA [75-78].

In chromaffin cells, the P/Q component of the whole-cell Ca** channel current has been widely
studied in chromaffin cells. This component is voltage inactivated [70] and it is pharmacologically
isolated by 2 XM m-conotoxin MVIIC, m-conotoxin MVIID, or w-agatoxin IVA. In bovine chromaf-
fin cells, m-conotoxin MVIID reversibly blocks the N current but blockade by ®w-conotoxin MVIIC
is irreversible [17]. Thus, the use of m-conotoxin MVIID followed by its washout can be a conven-
ient tool to isolate the P/Q channel. The blocking effects of w-conotoxin MVIIC are extraordinarily
slowed down and decreased in the presence of high concentrations (i.e., more than 2 mM) of Ba®*
[79,85] or Ca™* [15].

5.4.2.5 R-Type Ca** Channels

In neuronal tissues, a residual Ca®* current, characterized by its insensitivity to blockade by DHPs,
o-conotoxin GVIA, m-agatoxin IVA, and w-conotoxin MVIIC has also been described and termed
“R-type” (for “resistant”) [84]. This new subtype of Ca*" channel belongs to the HVA group, is
rapidly inactivating (T = 22 ms), and more sensitive to blockade by Ni** (IC5,= 66 uM) than to Cd**.

Newcomb et al. [86] described the first selective R channel blocker, SNX-482, a peptide from
the African tarantula H. gigas. We found, however, that this toxin also blocks P/Q channels in the
bovine chromaffin cell [87]. Thus, caution should be exerted when using this toxin to target R-type
currents.

Differences have been reported in various laboratories concerning the expression of R-type Ca*"
channels in chromaffin cells, and they may be due to the configuration of the patch-clamp tech-
nique used (whole-cell vs. perforated-patch recordings). In some initial studies, an R-type compo-
nent of I, could not be detected in bovine [55,56,79,81,82,88-90], cat [64], human [65], pig [63],
or mouse chromaffin cells [62,91]. In contrast, using the perforated-patch configuration instead of
whole-cell patch configuration of the patch-clamp technique, an R-type component was found in
slices of mouse adrenal medulla and mouse chromaffin cells [91,92]. The most obvious explanation
for this finding is that some soluble cytosolic factor, which is necessary for chromaffin cell R chan-
nel activity, is dialyzed with the whole-cell, but not with the perforated-patch configuration.

5.5 SOME CURIOUS DIFFERENCES AMONG SPECIES

Drastic species differences in the subtypes of Ca®* channels expressed by different cell types have
been found. For instance, the K*-evoked Ca”" entry in brain cortex synaptosomes is controlled
by N channels in the chick and by P channels in the rat [93]. On the other hand, neurotransmitter
release at the muscle end plate is controlled by N channels in fish [94-96] and amphibians [97] and by
P channels in mammals [98].

Detailed comparative electrophysiological studies among six mammalian species have been
performed only in adrenal medullary chromaffin cells (Figure 5.2). L-type Ca*" channels account
for near half of the whole-cell Ca>* channel current in the cat [64], rat [47], and mouse chromaffin
cells [62]. In pig [63], bovine [55,81], and human species [65] L channels carry only 15-20% of the
whole-cell Ca* current.

The N channel also shows a high interspecies variability. In the pig it carries as much as 80%
of the whole-cell Ca®* channel current [63] and in the cat 45% [64], in bovine [69], rat [47], mouse
[62], and human chromaffin cells [65], the N type fraction accounts for 30% of the whole-cell Ca*
channel current.

P channels have proven difficult to characterize in chromaffin cells. Through the use of the
sFTX [81], 1 uM w-agatoxin IVA [55], or 100 nM m-agatoxin IVA [82] as much as 40-55% of the
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FIGURE 5.2 Species differences between the relative densities of HVA Ca®* channels expressed by adrenal
chromaffin cells.

whole-cell Ca** channel current was attributed to P channels. Later on we learned that concentra-
tions of m-agatoxin IVA higher than 10-20 nM in excess of P channels [72] also block Q-channels
[80]. Thus, nanomolar concentrations of m-agatoxin IVA known to block p channels fully and
selectively [22] cause only 5-10% blockade of Ca®" channel current in bovine chromaffin cells
[79]. In cat chromaffin cells, combined ®-conotoxin GVIA plus nisoldipine blocked 90% of
the current, leaving little room for P channels [64]. In rat [47] and mouse [62], the m-agatoxin
IVA-sensitive current fraction was only 10-15%. Thus, in all species studied, it seems that
P channels are barely expressed if at all, in their chromaffin cells. This, together with the difficulty
of separating the 0, subunit into P and Q channels [83], suggests the convenience of speaking of
P/Q channels rather than of two separate Ca®* channel subtypes.

The P/Q channel component is pharmacologically isolated by 2 pM ®-conotoxin MVIIC or
o-conotoxin MVIID, or by 2 uM w-agatoxin IVA. In bovine chromaffin cells, ®w-conotoxin MVIID
blocks the N current reversibly while m-conotoxin MVIIC does so irreversibly [17]. Thus, the use
of w-conotoxin MVIID followed by its washout can be a convenient tool to isolate the P/Q channel.
The blocking effects of m-conotoxin MVIIC are extraordinarily slowed down and decreased in the
presence of excessive concentrations (i.e., more than 2 mM) of Ba®" [79,85] or Ca’* [15]. Taking
into consideration these methodological problems, we believe that the fraction of current carried out
by P/Q channels in bovine chromaffin cells amounts to 50% [79]. This fraction is even higher (60%)
in human chromaffin cells [65]. The opposite occurs in pig [63] and cat chromaffin cells [64] where
P/Q channels carry only 5% of the current. Finally, in rat chromaffin cells, P/Q channels contribute
20% to the current [47] and in the mouse 30% [62]. More recent studies show that this component
is about 15% in mouse chromaffin cells [92].

We do not know yet what the physiological relevance of these drastic species differences is.
But it is sure that it has clear consequences for the fine control of the differential exocytotic release
of epinephrine and norepinephrine in response to different stressors. Different autocrine/paracrine
regulation by catecholamines and other coexocytosed vesicular components of L- and non-L-types
of Ca®* channels might be a reason. Other regulatory mechanisms, that is, voltage-dependent [70] or
Ca**-dependent inactivation of Ca** channels [99] could also explain the preferential expression of
one or another channel type in a given specie. Also, the selective segregation of a given channel type
to exocytotic microdomains and the uneven geographic distribution of other channel types might
also enable a given neurosecretory cell to express preferentially one or another channel type. The
drastic difference of channel type expression provides different models of chromaffin cells to study
the dominant role of a Ca** channel subtype in controlling exocytosis [100].
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FIGURE 5.3 Subunit arrangement for a typical HVA Ca* channel.

5.6 MOLECULAR STRUCTURE OF Ca** CHANNELS

Voltage-gated Ca** channels are oligomeric complexes composed of up to five distinct proteins
(0, B, 0,0, and ) encoded by four genes [101-103]. The o, protein incorporates the conduction
pore, the voltage sensor and gating apparatus, as well as most of the known binding sites of channel
regulation by second messengers, drugs, and toxins. Associated with the pore-forming o, subunit
are the cytoplasmic [, the membrane anchored extracellular 0,8, and the transmembrane y-subunits,
which drastically influence the properties and surface expression of these channels. Parallel to the
channel protein complex, additional proteins, such as kinases, Ca2+-binding proteins, and GTPases,
can eventually interact with the main o, protein to modulate the complex activity and, in turn con-
trolling Ca** influx. Figure 5.3 represents the hypothetical subunit arrangement for a typical HVA
Ca”* channel.

5.6.1 DiversiTy oF Ca** CHANNEL 0; SUBUNITS

Several individual voltage-gated Ca®* channels have been identified and classified by their biophysi-
cal and pharmacological profiles as L-, N-, P-, Q-, R-, or T-types. This diversity arises predomi-
nantly from the nature of the principal pore-forming o, subunits, which are encoded by at least ten
distinct genes (Table 5.3). Historically, various names have been given to the main pore-forming o;
subunit of Ca** channels, giving rise to distinct and sometimes confusing nomenclatures. A unified,
but arbitrary, nomenclature was adopted in 1994 [104]. Thus, o, subunits were referred to o5 for the
original skeletal muscle subunit and o, , through o5 for those discovered subsequently.

In 2000, a more rational nomenclature was adopted [105] in which Ca®" channels were named
using the chemical symbol of the principal permeation ion (Ca) with the principal physiological
regulator (voltage) indicated as a subscript (Ca,). The numerical identifier corresponds to the Ca,,
channel o subunit gene subfamily (1-3 at present) and the order of discovery of the o, subu-
nit within that subfamily (1 through n). According to this nomenclature, there are three different
families of Ca,, channel o, subunits (Table 5.3). The first Ca, 1 subfamily (Ca,1.1-Ca,1.4) includes
HVA channels containing o, subunits that mediate L-type Ca®* currents (0;g, Olic, O, and oOp).
The second Ca,2 subfamily (Ca,2.1-Ca2.3) comprises HVA channels containing o, subunits that
mediate P/Q-type (0.;), N-type (0t;p), and R-type (o) Ca* currents. Finally, the third Ca,3 sub-
family (Ca,3.1-Ca,3.3) includes LVA channels containing o, subunits (0, 0y, and 0,;); mem-
bers of this subfamily mediate T-type Ca* currents. In contrast to the Ca,3 channels, which express
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FIGURE 5.4 Membrane topology of 0.1 subunit of the Ca** channel illustrating major protein interaction
sites.

by themselves as typical T-type Ca®* channels in heterologous systems, HVA Ca,, channels function
as oligomeric complexes containing auxiliary subunits (Figure 5.3).

Table 5.3 summarizes the sequence similarity among the diverse Ca,, o subunits known to
date as well as the name of the gene encoding for each subunit. The amino acid alignment was
constructed using the CLUSTAL program. Only the membrane-spanning regions of o; sequences
were included into the analysis. The table also shows the major sites of expression for each gene
product. The diversity of o genes found so far, together with the alternative splicing from each sin-
gle gene, adds a large structural diversity to the multitude of Ca®* channel o, gene subproducts.

The o subunits are large proteins with molecular weight between 212 and 273 kDa. Each o
subunit of Ca,, channel is organized in four homologous repeats (I-IV) of the six transmembrane
structures. Each repeat contains an S4 region that acts as the voltage sensor, a P-loop that forms
the selective filter, and S6 segments that form the channel pore (Figure 5.4). The four domains are
connected through cytoplasmic linkers, and both C- and N-termini are cytoplasmic. These regions
contain sites of interaction with auxiliary subunits, binding sites for various activators and blockers,
including G-proteins, as well as several putative phosphorylation sites.

5.6.2 MoLecuLAR PHARMACOLOGY OF Ca, CHANNELS

The pharmacology of the three subfamilies of Ca,, channels is quite distinct. Channels of the Cay1
family (L-type) are the molecular targets of the organic agents including DHPs, phenylalkylamines
(PAAs), and BTZs. Different techniques, including photoaffinity labelling and mutation analysis
have been used to localize potential binding sites of these drugs on the Ca’*" channel complex.
Results reveal that they act at three separate, but allosterically coupled, receptor sites [103,106,107].
Thus, PAAs (i.e., verapamil) are intracellular pore blockers, which are thought to enter the pore from
the cytoplasmic side of the channel and block it. Their receptor site is formed by amino acid residues
in the S6 segments in domain IIT and IV [108-110].

On the other hand, DHPs can be activators (i.e., Bay K 8644) or inhibitors (i.e., nifedipine or nitren-
dipine) and, therefore, are thought to act allosterically to shift the channel toward the open or closed
state, rather than by occluding the ion-conducting pore. Their receptor sites consist of amino acids
located in the S6 segments of domains III and IV and the S5 segment of domain III [108,110,111].
Interestingly, the DHP receptor site shares some common amino acids with the PAA receptor site.
Finally, BTZs (diltiazem and related compounds) bind to a third receptor site, but the amino acids that
are required for their interaction overlap also those required for PAA binding [112,113].
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Members of the Ca,2 family of channels are relatively insensitive to DHPs but are specifically
blocked by peptide toxins from spiders and marine snails [106,107]. P- and Q-type (Ca,2.1) channels
are blocked with high affinity by m-agatoxin IVA from the funnel web spider venom and by
-conotoxin MVIIC from the marine snail C. geographus, respectively [16,22]. Ca,2.2. channels
are blocked selectively by m-conotoxin GVIA [114,115]; the receptor site for the toxin comprises
amino acid residues in the extracellular loop between segments S5 and S6 of domain III, consist-
ent with a direct pore-blocking mechanism. Ca,2.3 channels are blocked by the synthetic peptide
toxin SNX-482 derived from tarantula venom; the presence of domains III and IV are necessary for
toxin-mediated inhibition [86,116].

Finally, the Ca,3 family of channels is insensitive to the above-mentioned blockers. Although
there are no pharmacological agents that specifically target T-type Ca*" channels, some clinically
useful drugs are able to block this channel subtype [117]. These Ca,3 channel antagonists include
antihypertensives such as mibefradil and amiloride, antiepileptics (i.e., ethosuximide), and antipsy-
chotics (i.e., pimozide). In addition, Ni*" is somewhat specific for T-type versus other classes of Ca*"
currents. Interestingly, a new scorpion toxin (kurtoxin) that binds to the o, T-type Ca** channel
with high affinity was identified; it inhibits the channel by modifying voltage-dependent gating [38].

5.6.3 INTERACTION OF ANCILLARY SUBUNITS WITH O; SUBUNITS

The o subunits of the Ca, 1 and Ca,2 channels associate with ancillary B subunit (encoded by
four different genes), 0,,/0 subunits (four genes known), and possibly ¥ subunits (ten genes known).
Although o subunit has been considered as the central actor in these Ca, channel complexes,
auxiliary subunits aid membrane expression and alter the biophysical properties of the o; subunit
[102,109,118,119]. In contrast, the subunit composition of the Cay3 channels remains an open con-
troversial issue [120].

The [ subunit of all HVA Ca,, channels is an intracellular auxiliary subunit that binds to a con-
served alpha-interaction domain (AID) of the o, subunit to modulate channel gating properties and
promote cell surface trafficking (Figure 5.4). This interaction site of both subunits was identified on
the connector between I and II domains of the o, subunit [121,122]. Interestingly, it has been recently
demonstrated that Gem, a small guanosine triphosphatase (GTPases) of the Rem-Gem-Kir (RGK)
family, binds directly to the B subunit; this interaction inhibits the association of the  with the o,
subunit, decreasing channel abundance by inhibiting transport to the plasma membrane [123].

Although the above data suggest that the only function of B subunit is to modulate the expres-
sion, targeting, gating, and activity of the main o, subunit, recent experimental evidence indicates
that this function could represent a “part-time” job for some isoforms of the B subunit. In fact, the
identification of a Src homology type (SH3) and guanylate kinase (GK) domains in the structure
of the B subunit indicates that this subunit belongs to the membrane-associated guanylate kinase
(MAGUK) family, thereby suggesting a role for the [ subunit in scaffolding multiple signaling
pathways around the channel [122]. Moreover, a recent study of Berggren et al. [124] reveals that 5
subunits directly reduce glucose-induced Ca* oscillations in pancreatic B cells. Although far from
being clearly demonstrated, two signaling pathways are proposed in this B; subunit-mediated effect:
direct regulation of the inositol trisphosphate (IP5) receptor, and indirect reduction of phospholipase
CpB. Thus, the B subunit now claims the status of independent regulatory protein.

The o,/0 subunit is translated as a single protein but cleaved into o (a single transmembrane-
spanning helix) and o, (the extracellular domain) subunits, which are linked by a disulfide bond;
however, its interaction site on the o subunit is unknown. The ¥ subunit, characterized by four
predicted transmembrane domains, was formerly found in skeletal muscle and later in heart and
brain Ca®* channels [119]. One member of the Y subunit (ys) has been shown reducing the activ-
ity of a subtype of T-type Ca®" channel in cardiomyocytes [125]. Further, functional studies have



122 Seafood and Freshwater Toxins: Pharmacology, Physiology, and Detection

suggested a dual role for another member of this family of proteins (7,, also known as stargazing),
both as a modulatory 7y subunit for Ca®* channels and as a regulator of postsynaptic membrane
targeting for alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA)-type glutamate
receptors [126,127].

5.6.4 MobuiatioN ofF Ca, CHANNELS BY PROTEIN
KINASE-DEPENDENT PHOSPHORYLATION

Families of Ca, 1 and Ca,2 channels are substrates for phosphorylation by cAMP-dependent protein
kinase A (PKA, Figure 5.4). Single channel recordings have suggested that phosphorylation by PKA
is necessary for the channels to become active, and once these channels are active, phosphoryla-
tion can increase their open probability. Ser1928 located in the C-terminal region of the cardiac o
subunit of the Ca, 1.2 channel is the only detectable phosphorylation site for this kinase, while
another phosphorylation site in the intracellular loop connecting domains II and III has also been
found for the Cay 1.1 o; subunit. Interestingly, it has been proposed that PKA may be in close prox-
imity to the Ca,, channel thanks to the A-kinase anchor protein (AKAP), an adapter protein that
directs PKA to a variety of substrates and intracellular locations (see review by Felix [107]).

Protein kinase C (PKC) can also modulate Ca,, channels; moreover, this regulation is believed
to be of substantial physiological importance since it mediates the effects of several hormones and
intracellular messengers. It has been shown that this activated-PKC pathway mediates the regula-
tion of L-type Ca?* currents by a-adrenergic agonists, adenosine triphosphate (ATP), and gluco-
corticoids among others [107]. Residues in the N-terminal and in the intracellular loop connecting
domains I and II seem to be necessary for the modulation by PKC of some members of the Cay1
and Ca2 channel families. Moreover, PKC can reverse G protein inhibition of these channels by
phosphorylating the intracellular loop connecting I and II domains (Figure 5.4). This characteristic
cross-talk between G protein and PKC is thought to allow the o, subunit to integrate multiple modu-
latory inputs [128].

5.6.5 MOLECULAR DETERMINANTS OF THE G-PROTEIN-DEPENDENT
INHIBITION OF Ca, CHANNELS

Neurotransmitters and hormones can regulate directly or indirectly (via second messengers and/or
protein kinases) Ca,, channels. The former possibility is exerted by a physical interaction between
G-protein subunits and the o subunit of the channel complex. Numerous functional studies have
firmly established that G-protein activation by o-adrenergic and p-opioid receptor agonists revers-
ibly inhibits neuronal non-L-type (Cay2) channels. This effect is mediated by the GBy dimer,
whereas the role of the Go. subunit on the channel regulation remains poorly understood. Moreover,
experimental evidence indicates that the Gy complex directly interacts with a site in the linker
region connecting domains I-II of the Ca,, channel subunit (Figure 5.4). Interestingly, this binding
site partially overlaps the AID site where the Ca,, channel 3 subunit binds. Because the 3 subunit
increases Ca,, channel activity drastically [129, 130], this overlap suggests a mechanism for the
antagonism between the Ca,, channel 3 subunit and the GBy complex [131]. Moreover, it has been
shown recently that G protein might also inhibit LVA channels, in particular, Ca, 3.2 channels, by
a different mechanism from the established for Ca,2 channels through the interaction of the GBy
dimer with the intracellular loop connecting domains II and III [132].

5.6.6 REGULATION OF Ca, CHANNEL BY Ca2*/CALMODULIN

High [Ca*"]. in the vicinity of a Ca,, channel affects the gating, limiting its ability to reopen after a
period of activity. This inactivation process of the channel is controlled by the association of Ca*"
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with calmodulin (CaM), a ubiquitously expressed Ca**-binding protein containing four E-F hands
(Ca’*-binding sites), which constitutes the Ca®* receptor tethered to the channel (Figure 5.4). In
fact, there is experimental evidence indicating that Ca>*/CaM complex regulates Cay1.2 and Ca,2.1
channels due to CaM interaction with an amino acid sequence, called the IQ motif, located in the
C-terminal of the o, subunit [133, 134].

In contrast, little is known about the regulation of the Ca,3 family of channels. However, in the
case of Ca?*/CaM regulation it seems to depend on the activity of the Ca**/CaM-dependent protein
kinase II. Thus, activation of this kinase in cells expressing recombinant Ca,3.2 channels increases
current amplitude at negative test potentials as the result of Ser1198 phosphorylation within the
linker connecting domains II and III in the o, subunit [135,136].

5.6.7 FuNcTiONAL INTERACTIONS OF Ca, CHANNELS AND SNARE PROTEINS

The brief rise in [Ca®*], to the level required for exocytosis likely occurs only in the vicinity of
Ca, channels, because [Ca®*], falls off steeply as a function of distance. Therefore, there must
be a physical link between the channel and the release mechanism. Moreover, several special-
ized proteins that mediate exocytosis have been identified [107, 137, 138]. Thus, three membrane
proteins, syntaxin, synaptosome-associated protein of 25 kDa (SNAP-25), and synaptobrevin
(VAMP) have shown to assemble into a stable ternary complex and participate actively in the exo-
cytosis process. In addition, synaptotagmin, a vesicle protein that is thought to serve as a Ca®* sen-
sor for exocytosis, binds Ca®* and interacts with syntaxin in a Ca**-dependent manner. A detailed
analysis of exocytosis using recombinant proteins has shown a specific binding site for syntaxin
1A and SNAP-25 in a region (called synprint) of the II-III linker of Ca,2.1 and Ca,2.2 channels
(Figure 5.4).

5.7 CALCIUM CHANNELS AND NEUROSECRETION

It has been long demonstrated that Ca* is essential for neurotransmitter release. The existence of
multiple types of Ca®* channels and the fact that several of them can coexist in the same cell type
has raised questions about which channel (or channels) contribute to the control of the delivery of
the Ca®" necessary to trigger a secretory signal in a particular synapse. We will therefore review
throughout this section how the different Ca®* channel subtypes (defined by ®-conotoxin block-
ade of neurosecretion) control the release of neurotransmitters depending on the synapse, the neu-
rotransmitter, and the animal species. Tables 5.4 through 5.7 summarize how Ca*" entry through
different Ca** channel subtypes control neurotransmitter release at different sites of the central and
peripheral nervous system, motor nerve terminals, and chromaffin cells.

5.7.1 BRAIN SYNAPTOSOMES

Transmitter release from brain synaptosomes is controlled by different Ca®* channels and is
greatly dependent on the animal species studied. In chick brain synaptosomes, inositol phosphate
production together with norepinephrine release is highly sensitive to m-conotoxin GVIA [139].
Ca*" transients measured in chick brain synaptosomes loaded with the Ca**-sensitive fluorescent
dye fura-2 demonstrated that increases in the [Ca®" ], induced by high K was almost completely
suppressed by w-conotoxin GVIA [93]. On the other hand, in rat brain synaptosomes the produc-
tion of inositol phosphate and secretion of norepinephrine are insensitive to ®-conotoxin GVIA,
but sensitive to w-agatoxin IVA [140]. Glutamate release from rat brain synaptosomes is blocked
56% by m-agatoxin IVA and 23% by w-agatoxin IIIA, an L-N-P-type Ca>* channel blocker [28].
These results indicate that in chick brain synaptosomes Ca>* entry and therefore, neurotransmitter
release is predominately controlled via an N-type Ca** channel. In rat brain synaptosomes L- and
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TABLE 5.4

Control of Neurotransmitter Release by N-type Ca** Channels

Neurotransmitter

Acetylcholine

ATP
Epinephrine

Catecholamines

Dopamine

Dynorphin

EPSCs
EPSP
GABA
5-HT
Glutamate

Glycine
Norepinephrine

NANC

Preparation

Electric fish (Torpedo marmorata )
Electric fish (Gymnotus carapo)

Myenteric plexus (Guinea pig)
Myenteric plexus (rat)
Detrusor (Guinea pig)
Urinary bladder (Guinea pig)
Urinary bladder (rat)
Urinary bladder (rat)

Atria (Guinea pig)

Phrenic nerve (rat)

Brain slices (rat)

Vas deferens (rat)

Urethra (rabbit)

Chromaffin cells (dog)
Chromaffin cells (bovine)
Chromaffin cells (bovine)
Chromaffin cells (bovine)
Chromaffin cells (cat)
Chromaffin cells (rat)
Striatum (rabbit)

Striatum (rat)

Brain slices (rat)

Dentate gyrus dendrite (Guinea pig)
Dentate gyrus axon (Guinea pig)

Retinal ganglion neurons (rat)

Hippocampal synaptic transmission (rat)

Deep cerebellar neurons (rat)
Brain slices (rat)

Hippocampal CA1 pyramidal cells (rat)
Hippocampal synaptosomes (rat)
Dorsal horn neurons of the spinal cord (rat)

Brain synaptosomes (rat)
Neocortex (rabbit)
Sympathetic neurons (rat)
Vas deferens (rat)
Anococcygeus (Guinea pig)
Vas deferens (Guinea pig)
Atria (Guinea pig)

Atria (Guinea pig)

Atria (Guinea pig)
Chromaffin cells (dog)
Mesenteric artery (rat)
Right atria (mouse)

Right atria (rat)

Detrusor (rabbit)
Anococcygeus (Guinea pig)
Urinary bladder (Guinea pig)
Urethra (rabbit)

Jejunum (Guinea pig)

Taenia caecum (Guinea pig)

w-Conotoxin
GVIA [pM]

5

2.5

0.01

0.1

0.1

1

1

0.3
1C50=0.42 uM

0.1

1
IC50=0.20 nM

0.1

0.4 ug/min

W

[ O T S S N O W S N SN e T S S SO ey

0.005
0.1
1
0.01
0.01
IC5y = 0.200 pM

0.1

10
0.4 pg/min
0.01
0.1
0.1
0.1
0.05
0.1
0.1
0.1

0.05

30
>95
92
70
88
71
25
54

47
60

77
33
17
10
30
20
42
39
38
30
79
50
67
46
50
30
80
16
50

>90

46
92
100
98
97

80
49
32
92
100
100
85
64
58
47
33
20

Inhibition % Reference

[95]

[96]

[154]
[98]

[157]
[155]
[155]
[156]
[161]
[98]

[232]
[160]
[157]
[233]
[82]

[69]

[175]
[164]
[177]
[143]
[142]
[232]
[146]
[146]
[151]
[80]

[145]
[232]
[145]
[144]
[145]
[139]
[93]

[149]
[155]
[155]
[154]
[15]

[234]
[235]
[233]
[158]
[158]
[158]
[157]
[155]
[155]
[157]
[154]
[154]
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TABLE 5.4
(Continued)

®-Conotoxin
Neurotransmitter Preparation GVIA [pM] Inhibition % Reference
Oxytocin Neurohyhophysial terminals (bovine) 0.8 32 [147]
Vasopressin Neurohyhophysial terminals (bovine) 0.8 32 [147]

EPSCs, excitatory postsynaptic currents; EPSP, excitatory postsynaptic potentials; NANC, nonadrenergic-noncholinergic

neurotransmission.

TABLE 5.5

Control of Neurotransmitter Release by P-type Ca** Channels (Blockade with Low

Concentrations of w-Agatoxin IVA)

w-Agatoxin
Neurotransmitter Preparation IVA [pM] Inhibition % Reference
Acetylcholine Phrenic nerve (Guinea pig) 0.02 >95 [235]
Phrenic nerve hemidiaphragm (mouse) 0.1 92 [158]
Phrenic nerve hemidiaphragm (rat) 0.1 0 [158]
Catecholamines Chromaffin cells (bovine) 0.1 35 [82]
GABA Deep cerebellar neurons (rat) 0.2 98 [145]
Glutamate Brain synaptosomes (rat) 0.2 56 [28]
Cortex synaptosomes (rat) 1C5p=12.2nM [141]
Hippocampal synaptosomes (rat) 0.2 40 [144]
Hippocampal CA1 pyramidal cells (rat) 0.2 25 [145]
Glycine Dorsal horn neurons of the spinal cord (rat) 0.2 98 [145]
GABA, gamma-aminobutyric acid.
TABLE 5.6
Control of Neurotransmitter Release by Q-type Ca** Channels
®-Conotoxin
Neurotransmitter ~ Preparation MVIIC [pM] Inhibition % Reference
Acetylcholine Urinary bladder (rat) 3 54 [156]
Atria (Guinea pig) IC5,=0.28 uM [161]
Phrenic nerve hemidiaphragm (mouse) 1 80 [158]
Phrenic nerve hemidiaphragm (rat) 1 57 [158]
Chromaffin cells (bovine) IC5 =218 nM [174]
ATP Vas deferens (rat) IC5y =200 nM [160]
Catecholamines Chromaffin cells (bovine) 3 50 [69]
Glutamate Cortex synaptosomes (rat) 1C5o =35 nM [141]
EPSPs Hippocampal synaptic transmission (rat) 5 100 [80]
Norepinephrine Atria(Guinea pig) 0.5 100 [235]
Atria(Guinea pig) 1C5y=0.19 uM [15]
Atria (mouse) 1 100 [158]
Atria (rat) 1 100 [158]
Chromaffin cells (bovine) IC5, = 182 nM [174]
Vasopressin Neurohyhophysial terminals (bovine) 0.3 25 [147]

ATP, adenosine triphosphate; EPSPs, excitatory postsynaptic potentials.
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TABLE 5.7
Control of Neurotransmitter Release by P/Q-type Ca** Channels (Blockade
with High Concentrations of w-Agatoxin IVA)

w-Agatoxin IVA

Neurotransmitter Preparation [pM] Inhibition % Reference
Acetylcholine Urinary bladder (rat) 3 46 [156]
Atria (Guinea pig) 3 37 [161]
Brain slices (rat) 1 50 [232]
GABA Brain slices (rat) 1 100 [232]
Glutamate Brain slices (rat) 1 100 [232]
Dopamine Brain slices (rat) 1 70 [232]
5-HT Brain slices (rat) 1 50 [232]
Norepinephrine Atria (Guinea pig) 3 21 [161]

N-type Ca*" channel blockers do not modify [Ca®" ], levels or transmitter release; therefore, another
Ca*" entry pathway seems to be involved in the control of neurotransmitter release.

Turner and Dunlap [141] measured [*H]-glutamate release from rat cortical synaptosomes as
an assay for presynaptic Ca®" channel activity. In this system, they observed that the efficacies of
m-agatoxin IVA and o-conotoxin GVIA and MVIIC were increased when Ca?* influx was decreased
by decreasing the KCI concentration to diminish the extent of depolarization, by decreasing the
external concentration of Ca** or by partially blocking Ca®" influx with one of the other toxins.
Using these m-toxins, they found at least three types of pharmacologically distinct Ca®* channels
that participate in exocytosis. The largest fraction of glutamate release was blocked by m-agatoxin
IVA with an ICs; of 12.2 nM and ®-conotoxin MVIIC with an ICs, of 35 nM, consistent with the
pharmacology of a P-type Ca®* channel. The N-type Ca®* channel blocker, ®-conotoxin GVIA,
inhibited a significant portion of the release (ICs, < 1 nM) but only under conditions of reduced
Ca*" concentrations. These results suggest that the N-type channel in nerve terminals is different
from that found in hippocampal somata, since it appears to be resistant to ®-conotoxin MVIIC. The
combination of w-conotoxin GVIA (100 nM) and either m-agatoxin IVA or w-conotoxin MVIIC (1
uM) blocked approximately 90% of release when the Ca** concentration was reduced (0.46 mM or
less), but 30%—40% of release remained when the concentration of Ca*" in the stimulus buffer was
1 mM or greater, indicating that a resistant channel also participates in exocytosis.

5.7.2 STRIATUM

In the striatum, neurotransmitter release is controlled by different Ca®* channels. Dopamine release
induced by K™ is blocked around 30% by w-conotoxin GVIA [140,142] although dopamine release
evoked by electrical stimulation is almost completely inhibited by ®w-conotoxin GVIA [142]. Turner
and coworkers, using subsecond measurements of glutamate and dopamine release from rat striatal
synaptosomes, showed that P-type Ca®* channels, which are sensitive to m-agatoxin IVA, trigger the
release of both neurotransmitters although dopamine (but not glutamate) was also partially blocked
by w-conotoxin GVIA-sensitive Ca®* channels. Another interesting observation by these authors
is that the blockade of neurotransmitter release is voltage-dependent. With strong depolarizations
(60 mM K™), neither m-agatoxin IVA nor w-conotoxin GVIA were effective alone, although a com-
bination of both produced a synergistic inhibition of 60-80% of Ca®* dependent dopamine release.
With milder depolarizations (30 mM K*), w-agatoxin IVA (200 nM) blocked over 80% dopamine
and glutamate release, while w-conotoxin GVIA (1 uM) blocked dopamine release by 25% and left
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glutamate release unaffected. The results suggest that multiple Ca®* channel subtypes coexist to
regulate neurosecretion under normal physiological conditions in the majority of nerve terminals,
while P-type and m-conotoxin GVIA- and m-agatoxin IVA-resistant channels coexist in glutama-
tergic terminals. Such an arrangement could lend a high degree of flexibility in the regulation of
transmitter release under diverse conditions of stimulation and modulation.

5.7.3 HiprocAaMPUS

In the hippocampi of rabbits, Dooley at al. [143] demonstrated that electrically-induced release of
dopamine, 5-hydroxytryptamine, and acetylcholine was similarly blocked (around 40%) by nanomo-
lar concentrations of ®-conotoxin GVIA. Under the same experimental conditions, dopamine
release from the corpus striatum and norepinephrine release from the neocortex was also blocked
by 40% by m-conotoxin GVIA (5 nM). Using a superfusion system with subsecond temporal
resolution, Luebke et al. [144] studied the effects of m-conotoxin GVIA and w-agatoxin IVA on
glutamate release from rat hippocampal synaptosomes. K*-induced release of glutamate was inhib-
ited by 16% by m-conotoxin GVIA and by 40% by w-agatoxin IVA; such blockade was increased
when lower concentrations of K* were employed to induce secretion. The amplitude of excitatory
postsynaptic potentials (EPSPs) in CA1 pyramidal neurons was reduced by ®-conotoxin GVIA and
w-agatoxinIVA, although w-agatoxin IVA was more rapid and more efficacious [144]. Thus, atleasttwo
Ca*" channels seem to control glutamate release from hippocampal neurons, but P-type channels
seem to play a major role.

Synaptic transmission between hippocampal CA3 and CA1 neurons is mediated by N-type Ca**
channels together with Ca** channels whose pharmacology differs from L- and P-type channels but
resembles that of Q-type Ca®* channels encoded by the o, subunit gene. Using rat hippocampal
slices, Wheeler et al. [80] showed that w-conotoxin GVIA blocked EPSP by 46%, while P- and
L-type Ca’* channel antagonists had no effect. In contrast, ®-conotoxin MVIIC (N-P-Q Ca?*
channel blocker) inhibited 100% of the EPSP. This suggests that hippocampal synaptic transmitter
release is regulated by N- and Q-subtype of Ca** channels. Measuring excitatory postsynaptic cur-
rents (EPSCs) from hippocampal CA1 pyramidal neurons, Takahashi and Momiyama [145] demon-
strated that synaptic transmission at this level is predominantly controlled by N-type Ca** channels
(80% block of EPSPs by w-conotoxin GVIA) and to a lesser extent by P-type Ca?* channels (25%
inhibition by w-agatoxin IVA).

The release of the neuropeptide dynorphin is controlled by different Ca®* channels, depend-
ing on the release site (dendrite or axon). L-type Ca®* channels mediate dynorphin release from
dendrites and N-type Ca?* channels mediate dynorphin release from the axons of hippocampal gran-
ule cells [146].

5.7.4 CEREBELLUM

Inhibitory postsynaptic currents (IPSCs) evoked in neurons of the deep cerebellar nuclei by stimu-
lating presumptive Purkinje cell axons were reversibly abolished by bicuculline, indicating that
the responses were mediated by GABA. The application of w-agatoxin IVA (200 nM) blocked
IPSCs amplitude by 50%, while the L-type Ca*" channel blocker nicardipine had no effect [145],
indicating that GABA release from Purkinje cell axons is mediated via Ca*" entry through P-type
Ca** channels.

5.7.5 NEUROHYPOPHYSIS

Neurohypophysial terminals exhibit, besides L- and N-type currents, another component of the Ca*
current that is blocked by low concentrations of ®m-conotoxin MVIIC or by high concentrations of
-agatoxin IVA indicating the presence of a Q channel. In the study performed by Wang and coworkers
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[147], they demonstrate that secretion of vasopressin is controlled by N, L, and Q channels while
that of oxytocin is regulated mainly by N and L channels with no participation of Q channels.

5.7.6  SYMPATHETIC NEURONS

In rat sympathetic neurons, whole cell recordings have provided evidence for two subtypes of Ca**
channels, the N and the L-type [46], although norepinephrine release is predominantly blocked
by w-conotoxin GVIA [148,149]. In contrast to sympathetic neurons, release of substance P from
peripheral sensory neurons is highly dependent on Ca** entry through L-type Ca** channels. In the
sympathetic nerve endings of the iris, ®-conotoxin GVIA (1 pM) blocked over 80% of norepine-
phrine synthesis induced by high K* while nicardipine had no effect, indicating that Ca** entry
through N-type Ca”* channels play a major role in norepinephrine synthesis [150].

5.7.7 RETINAL GANGLION NEURONS

Glutamatergic synaptic responses in rat retinal ganglion neurons are partially sensitive to
o-conotoxin GVIA (30% block) and insensitive to m-agatoxin IVA [151]. These results indicate
that the major part of synaptic glutamate release in retinal ganglion neurons is governed by a novel
toxin-resistant Ca>* channel that could possibly be of the Q or R type.

5.7.8 SpINAL Corp AND DORsAL RoOOT GANGLION NEURONS

In cocultures of fetal neurons from ventral half of the spinal cord (VH neurons) and from the dorsal
root ganglion (DRG neurons) the synaptic transmission between pairs of spinal cord neurons from
ventral half of the spinal cord (VH-VH connections) or between DRG neurons and VH neurons
(DGR and VH connections) were studied with two cell recording and stimulation techniques. In
70% of the VH-VH connections and in 50% of the DGR-VH connections, Bay K 8644 failed to
affect transmitter release. ®-Conotoxin GVIA produced no consistent effect on EPSPs or IPSPs
elicited by VH neurons by stimulation of the nearby neurons. VH EPSPs elicited by stimulation of
the nearby DGR neurons were reduced by 50% by m-conotoxin GVIA. Therefore, neither sustained
nor inactivating HVA Ca** channels sensitive to Bay K 8644 or w-conotoxin GVIA such as those
measured in the neuronal cell body are responsible for action-potential-evoked transmitter release
from the majority of the VH neurons; these channels may be involved in transmitter release in
approximately 30% of these neurons [152].

In rat dorsal horn neurons of the spinal cord, release of glycine induces IPSCs. The IPSCs
were almost completely blocked by m-conotoxin GVIA (more than 95%) and partially inhibited by
w-agatoxin IVA (50%), while nicardipine had no effect.

5.7.9 INTESTINAL TRACT

Electrically evoked release of acetylcholine is predominantly controlled through N-type Ca®* chan-
nels at the myenteric plexus [98,153,154]. ®-Conotoxin GVIA markedly reduced (70%) the evoked
release of [*H]-acetylcholine from the myenteric plexus of the small intestine, with an ICs, of
0.7 nM; the potency was similar at 3 and 10 Hz stimulation. An increase in the extracellular Ca**
concentration attenuated the inhibitory effect of ®-conotoxin GVIA [98]. No species difference was
observed as to the channel controlling Ca** entry for transmitter release.

In the guinea-pig jejunum, m-conotoxin GVIA blocked only partially (33%) the inhibitory
NANC transmission upon electrical stimulation. This was also the case at the taenia caecum (20%
inhibition) [154]. In the proximal duodenum the NANC transmission was insensitive to ®-conotoxin
GVIA [155].

Therefore, cholinergic transmission at this level seems to be regulated by Ca** entering through
N-type Ca** channels while NANC transmission is regulated by another Ca** entry pathway besides
N channels.
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5.7.10 Lower URINARY TRACT

In the rat- or guinea pig-isolated bladder, ®w-conotoxin GVIA produced a concentration- and time-
dependent inhibition of twitch responses to field stimulation without affecting the response to exog-
enous acetylcholine. In the rat bladder, the maximal effect did not exceed 25% inhibition while a
much larger fraction of the response (70%) was inhibited in the guinea pig bladder. In the rat blad-
der, the effects of w-conotoxin GVIA were frequency dependent; maximal effects of m-conotoxin
GVIA were observed at 2-5 Hz. Frew and Lundy [156] have demonstrated that neurotransmission
in the rat urinary bladder is supported by both N- and Q-type Ca* channels. In their experiments,
the resistant portion (non-N non-P) was sensitive to ®w-conotoxin MVIIC, which, in addition to N
and P also blocks Q channels. Further experiments carried out by Waterman [181] in mouse bladder
using Ca®* channel toxins demonstrates that acetylcholine release in these parasympathetic neurons
depends primarily on N-type channels, and to a lesser extent on P- and Q-type channels, whereas
ATP release involves predominantly P- and Q-type channels.

In the rabbit urethra and detrusor, Zygmunt et al. [157] have studied the effects of ®-conoto-
xin GVIA on adrenergic, cholinergic and NANC responses induced by electrical stimulation. The
adrenergic contraction (25 Hz) and NANC relaxation (10 Hz) in the urethra and the cholinergic and
NANC contractions (10 Hz) in the detrusor were inhibited in a concentration-dependent manner
by m-conotoxin GVIA. The adrenergic contraction of the urethra was ten times and the cholinergic
contraction in the detrusor was three times more sensitive to ®-conotoxin GVIA than the NANC
responses. These results suggest that NANC transmission is less sensitive to ®-conotoxin GVIA
than transmission mediated by adrenergic and cholinergic nerves in the rabbit lower urinary tract.

5.7.11 VAS DEFERENS

In rat- or guinea pig-isolated vas deferens w-conotoxin GVIA (1 nM-1 uM) produced concentra-
tion- and time-dependent inhibition of the response to electrical field stimulation, while the response
to K*, norepinephrine, or ATP was unaffected. A concentration as low as 1 nM produced almost
complete inhibition of twitches, but this effect took about 1 h to be completed. With higher concen-
trations the time course of the inhibition was much faster [155]. In a study performed by Wright
and Angus [158] in rat and mouse vas deferens, they observe that w-conotoxin GVIA (10 nM) and
w-conotoxin MVIIC (1 uM) block completely the twitch responses when they are induced at low
frequencies (0.05 Hz); but when higher frequencies are used (20 Hz) there is a w-conotoxin GVIA
resistant component that can be blocked by 1 uM m-agatoxin IVA or w-conotoxin MVIIC. These
results indicate that sympathetic transmission in the vas deferens is mainly controlled by Ca*" enter-
ing N channels, although when high frequency stimulation is employed (20 Hz) P-Q-type channels
are also implicated [158].

As to the purinergic transmission in the vas deferens, Hata et al. [159] showed that the ATP-
mediated component of the biphasic contraction was found to be more susceptible to ®-conotoxin
GVIA than the adrenergic component. In a study performed 5 years later by Hirata and coworkers
[160], electrically induced twitch responses of the prostatic segment of the rat vas deferens, which
depends mainly on ATP release, was fully blocked by nanomolar concentrations of ®-conotoxin
GVIA, MVIIA, and MVIIC, most likely by inhibiting Ca>* entry through presynaptic N-type Ca*"
channels that control ATP release. The main conclusion we can draw from these studies is that
sympathetic and purinergic transmission in the vas deferens is predominantly controlled by N-type
Ca’" channels.

5.7.12 HeArt

The innervation in mammalian atria is both sympathetic and parasympathetic, which regulates the
heart rate and the contractile strength. The subtypes of Ca?* channels involved in neurotransmitter
release have been studied by various investigators. Vega et al. [15] have shown that electrically
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stimulated guinea pig left atria are sensitive to N-type Ca* channel blockers. Thus, ®-conotoxin
GVIA and m-conotoxin MVIIA blocked the inotropic response in a concentration-dependent
manner with ICs, values of 0.20 uM and 0.044 uM respectively. The N-P-Q-channel blocker,
w-conotoxin MVIIC showed an ICs, of 0.19 uM; w-agatoxin IVA had no effect. These results have
been confirmed later on by Wright and Angus [158] in the right atria of mouse and rat, where they
see full inhibition of contraction with 100 nM ®-conotoxin GVIA.

Hong and Chang [161] have studied the Ca®* channel subtypes mediating the cholinergic and
adrenergic neurotransmission in the guinea pig atria. In left atria paced at 2—4 Hz, the negative
inotropic effect induced by electrical field stimulation on parasympathetic nerves (in the presence
of propranolol) was abolished by ®m-conotoxin MVIIC. On the other hand, the inotropic response
resulting from electrical field stimulation of the sympathetic nerves (in the presence of atropine)
was abolished by w-conotoxin GVIA and m-conotoxin MVIIC. None of the peptide toxins affected
the chronotropic and the inotropic responses evoked by carbachol, isoprenaline, or norepinephrine
[15,161].

These results suggest that under physiological conditions, the release of acetylcholine from
parasympathetic nerves to the heart is dominated by a P/Q subfamily of Ca®* channels, while that of
norepinephrine from sympathetic nerves is controlled by an N-type Ca?* channel.

5.7.13 MoToR NERVE TERMINALS

Neurotransmitter release at this level is controlled by different Ca** channels depending on the spe-
cies. The electroplax of marine electric fish is highly rich in motor nerve endings; this is the reason
why it has been so widely used as a model to study transmitter release from motor nerve endings.
®-Conotoxin GVIA blocks the release of acetylcholine and Ca** uptake induced by depolarization
in electric organ nerve terminals of the ray; the ICs, values were 3 uM for blocking transmitter
release and 2 uM for blocking Ca*" entry [94]. Sierra et al. [96] have also shown that N-type Ca**
channels mediate transmitter release at the electromotoneuron-electrocyte synapses of the weakly
electric fish Gymnotus carapo; ®-conotoxin GVIA (2.5 uM) blocked over 95% of the end plate
potential (EPP) while w-agatoxin IVA and nifedipine had no effect. In contrast to these data, in
torpedo synaptosomes, Farifias et al. [95] showed that ®-conotoxin GVIA (107 to 5 x 10~ M)
showed a differential effect on acetylcholine and ATP release: nucleotide release was inhibited by
90% at the highest concentration tested while acetylcholine release was only moderately decreased
(30%). In the frog neuromuscular junction, Jahromi et al. [97] have demonstrated that synaptic
transmission is also governed by Ca** entry through an N-type Ca** channel.

In contrast, in mammalian motor nerve terminals, Ca®* entry serving to discharge acetylcholine
release seems to be ruled by a P-type Ca®* channel rather than an N-type Ca®* channel, as in fish
and amphibians. So in the rat phrenic nerve, [*H]-acetylcholine release was only partially inhibited
by w-conotoxin GVIA [98]. In the mouse, EPP were almost completely abolished (>95%) with
200 nM m-agatoxin IVA. The twitch responses of the phrenic nerve hemidiaphragm were blocked
in a different manner depending on the animal species. In the mouse, ®-agatoxin IVA at 100 nM
blocked 92% of the twitches while in the rat, w-agatoxin IVA (100 nM) and w-conotoxin GVIA
(<1 uM) had little effect although m-conotoxin MVIIC caused 57% blockade [158]. In normal
human muscles, Protti et al. [9] have shown that transmitter release at the motor nerve terminals is
mediated by a P-type Ca** channel.

5.7.14 CHROMAFFIN CELLS

As described above, different Ca*" channel subtypes are found on the plasmalemmal membrane
of chromaffin cells. This coexistence raises the question as to whether or not all of the channel
types participate in the control of exocytosis and how their density and properties would condition
their participation, if any. Furthermore, the presence and proportion of the various Ca>* channels
subtypes varies widely between animal species (Figure 5.2). Therefore, catecholamine secretion
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from these cells will presumably be controlled differently, in accordance with the Ca*" channels
expressed by the cells. In this section, we will review how catecholamine secretion is controlled in
different animal species and how some subtypes of Ca®* channels are more directly implicated in
the control of exocytosis. It is important to emphasize that, depending on the type of stimulus used
(i.e., K" depolarization, acetylcholine, step depolarizations, and action potentials), one type of chan-
nel may be more favored over another in secretion. For this reason, the type of stimulus used is
indicated in each of the following subsections.

5.7.14.1 Cat Chromaffin Cells

The K*-evoked secretion of catecholamines is effectively blocked in a concentration-dependent
manner by DHPs and other drugs acting on L-type Ca** channels like verapamil and diltiazem
[162]. Measuring differential secretion of epinephrine and norepinephrine, Cardenas et al. [163]
demonstrated that secretion of both amines are completely blocked when it is induced by either
high K* or the nicotinic agonist dimethylphenylpiperazinium (DMPP). Initially, these data indi-
cated that an L-type channel controlled secretion in these cells. But, Albillos et al. [64] showed
that cat chromaffin cells also contained ®m-conotoxin GVIA-sensitive channels in addition to the
L-type channels. It was then demonstrated that HVA L and N Ca*" channels in cat chromaffin cells
were present in an approximate proportion of 50-50%, and that the increase in [Ca®*], induced by
short (10 s) depolarizing pulses (70 mM K*) could also be reduced 44% by furnidipine and 43% by
o-conotoxin GVIA. In a perfused adrenal gland or isolated cat chromaffin cells, catecholamine release
induced by 10 s pulses of 70 mM K* was blocked by more than 95% with furnidipine and only 25%
with @-conotoxin GVIA. These results show that though Ca** entry through both channels (N- and
L-type) leads to similar increments of the average [Ca®*]., the control of the K*-evoked catecho-
lamine release response in cat chromaffin cells is dominated by the Ca®* entering through L-type
Ca”" channels [164]. However, more recent data suggest that when exocytosis is measured using
capacitance techniques, and the membrane potential is held at =80 mV, and the N-type channels also
contribute to exocytosis (G. Arroyo, M. Aldea, A. Albillos, and A.G. Garcia; unpublished). It may
be that previous experiments using cell populations or intact cat adrenal glands [162,163] and long-
duration (seconds) depolarizing stimuli inactivated the N-type Ca** channels.

5.7.14.2 Bovine Chromaffin Cells

K*-evoked catecholamine secretion from bovine chromaffin cells is greatly potentiated in the pres-
ence of the DHP L-type channel agonist Bay K 8644; the rise in secretion parallels the increase in
43Ca uptake [165]. Ceifia et al. [166] showed that nitrendipine completely blocked catecholamine
release ([*H]-norepinephrine) in bovine chromaffin cells stimulated with high K*. These results do
not agree with those obtained by other authors who found that in bovine chromaffin cells, DHP did
not block more than 40-50% of the secretion [167-169]. The differences may be based on different
stimulation patterns and the use of cultured chromaffin cells, fast superfused cell populations, or the
intact perfused adrenal gland.

When toxins were available to selectively block specific subtypes of Ca** channels, it was
demonstrated that these cells contain other Ca®* channel subtypes besides L, that is, N and the
P/Q-type [55,58,59,81,170]. w-Conotoxin GVIA was ineffective or just barely effective in blocking
K*-evoked catecholamine secretion [69,82,88,168,169,171,172] in bovine chromaffin cells.

As the contribution of P-type Ca>* channels to catecholamine secretion, we find different results
in the literature. Thus, Granja et al. [173] showed that catecholamine secretion induced by high-K*
is not affected by w-agatoxin IVA (100 nM); nevertheless, when secretion was activated by nicotine,
the w-agatoxin significantly decreased catecholamine release by 50%. Thus, Granja et al. [173]
concluded that w-agatoxin IVA could also affect the nicotinic receptor. Duarte et al. [171] showed
that FTX decreases K*-evoked norepinephrine release to 25% and epinephrine release to 39% of
the control levels; the combination of FTX plus nitrendipine further decreases norepinephrine and
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epinephrine release to 12% and 24% of the control levels. Baltazar et al. [174] showed that bovine
chromaffin cells contain two types of m-agatoxin IVA-sensitive Ca** channels and that the contribu-
tion of the P-type channels to secretion is higher at low levels of depolarization.

The L-N-P-insensitive portion of catecholamine release in bovine chromaffin cells seems
to be w-conotoxin MVIIC sensitive. Lopez et al. [69] observed that catecholamine release from
superfused bovine chromaffin cells (stimuli: 70 mM K* for 10 s) was inhibited by 50% by DHP
furnidipine (3 pM). m-Conotoxin MVIIC (3 uM) also reduced the secretory response by 50%. The
combination of furnidipine with ®-conotoxin MVIIC completely abolished secretion. On the other
hand, these authors also demonstrated that ®-conotoxin GVIA and w-agatoxin IVA have no effect
on secretion. These results strongly suggest that secretion in these cells is predominantly controlled
by Ca®* entering through the L- and Q-type Ca** channels.

Further studies performed by Lara et al. [175] suggest that Q-type channels are coupled more
tightly to active exocytotic sites that are the L-type channels. This hypothesis was suggested by
the observation that the external Ca’* that enters the cell through a Ca®* channel, located near
chromaffin vesicles, will saturate the K* secretory response at both [Ca2+]e, that is 0.5 and 5 mM.
In contrast, Ca®* ions entering through more distant channels will be sequestered by intracellular
buffers and will therefore not saturate the secretory machinery at a lower [Ca*]..

5.7.14.3 Rat Chromaffin Cells

1,4-Dihydropyridines (DHPs) block secretion in perfused rat adrenal glands in a concentration-
dependent manner. The magnitude of this blockade is related to the type of stimuli employed to
induce secretion. The DHP isradipine can fully block secretion when the stimuli used are K* or
nicotine. In contrast, when electrical field stimulation is used, the DHPs can only obtain a partial
blockade and the inhibition is frequency dependent [176]. Measuring Ca** currents and capacitance,
Kim et al. [177] have shown that ®-conotoxin GVIA (1 uM) blocks 40%, and nicardipine around
60% of the total capacitance increase in rat chromaffin cells. Therefore, in these cells secretion
would be controlled by L as well as by N-type Ca*" channels.

The role of each Ca®* channel subtype in secretion has also been studied in intact whole
adrenal glands from rats. Secretion evoked by depolarizing stimuli like high K* was strongly
inhibited (80%) by L-type Ca*>" channel blockers, whereas acetylcholine-evoked responses were
inhibited equally by either furnidipine or ®-conotoxin MVIIC [178]. Electrical field stimulation
of intact glands releases acetylcholine and other cotransmitters from the splanchnic nerves [179].
Under these conditions, N-type Ca®* channels seem to contribute to the maintenance of the secretory
responses, probably by acting on presynaptic channels at the splanchnic nerve terminals [178]. In rat
chromaffin cells treated with cAMP, a “low-threshold” exocytotic response was triggered at very low
depolarizations; this unusual secretory response is associated with the oy subtype of Ca®*
channels [44,180].

5.7.14.4 Dog Chromaffin Cells

Kitamura et al. [63] have studied the effects of m-conotoxin GVIA and L-type Ca>* channel blockers
(nifedipine and verapamil) on catecholamine release in anesthetized dogs. Catecholamine release
into the blood stream was induced either by electrical stimulation of the splanchnic nerve or by
intra-arterial injection of acetylcholine. Administration of 0.4 ug/mL of ®-conotoxin GVIA reduced
catecholamine secretion by 30% in response to the electrical stimulation; nifedipine or verapamil
had no effect under these experimental conditions. However, when catecholamine release was
induced by acetylcholine, m-conotoxin GVIA blocked secretion by around 50% and nifedipine also
reduced it by 50%. These results suggest that N- and L-type Ca®* channels contribute to the release
of catecholamines in the dog adrenal gland. To our knowledge, a patch-clamp study that determines
the subtypes of Ca®* channels expressed by dog chromaffin cells is not available.
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5.7.14.5 Mouse Chromaffin Cells

Simultaneous recordings of I, and KCm in isolated mouse chromaffin cells indicate that exocytosis
is proportional to the relative density of each Ca®* channel subtype: 40% L, 34% N, 14% P/Q, and
11% R [92]. This indicates that under the perforated-patch configuration the secretory response
elicited by 200 ms depolarizing pulses is a strict function of the amount of Ca*" entering the cell,
by whatever Ca®* channel subtype, L, N, P/Q, or R. In addition, it seems that any Ca** channel type
colocalizes with the secretory machinery in a similarly random manner, and shows the same rela-
tive efficacy in activating exocytosis, depending on its density [92]. This conclusion differs from
that obtained in another study in acutely isolated adrenal mouse slices. In this latter study [91],
the proportion of channel subtypes differs from that obtained in cultured mouse chromaffin cells
[62], that is, 27% L, 35% N, 22% P, 23% Q, and 22% R. It is curious, however, that the R channels
(22% of total current) control as much as 55% of the rapid secretion. Thus, Albillos et al. [91] con-
clude that “R-type Ca>* channels in mouse adrenal slice chromaffin cells are in close proximity to
the exocytotic machinery and can rapidly regulate the secretory process.”

5.7.14.6 The Blocking Effects of w-Toxins Varies with the Stimulation Pattern
and the Ca** Gradient

The efficacy of the different channels in controlling exocytosis varies with the degree of depolariza-
tion and the concentration of external Ca** used in the experiments. There are different examples in
the literature that demonstrate this fact. For instance, Turner and co-workers [78,141] observed that
the efficacies of w-agatoxin IVA and m-conotoxin GVIA to block glutamate release from rat cortical
synaptosomes increased when Ca”* influx was reduced by decreasing the external concentration of
KCl, decreasing the extent of depolarization, decreasing of the external concentration of Ca*, or by
partially blocking the Ca** influx with an antagonist or another. For example, glutamate release was
inhibited by m-conotoxin MVIIC with an ICs, of 200 nM when stimulation of secretion was induced
with 30 mM KCI; however, the same toxin had no effect when synaptosomes were stimulated with
60 mM KCI. The same investigators also found that dopamine release from rat striatal synapto-
somes [140] could be blocked by w-agatoxin IVA and w-conotoxin GVIA when they used mild
depolarizations with KCI. In contrast, with strong depolarizations, neither toxin alone was effective,
although a combination of both toxins together produced a synergistic inhibition of 60%—-80% of the
Ca”*-dependent dopamine release.

Transmitter release in parasympathetic neurons in the mouse bladder shows a similar pat-
tern; bladder strip contraction was stimulated by single pulses or trains of 20 pulses at 1-50 Hz.
Waterman [181] observed that m-conotoxin GVIA and MVIIC inhibited contractions in a concen-
tration-dependent manner with ICs, values of approximately 30 and 200 nM, at low stimulation
frequencies; the same toxins had little effect at high stimulation frequencies.

Dunlap et al. [182] try to explain these puzzling findings: (a) with strong depolarizations neu-
rotransmitter exocytosis is not affected when a single Ca* entry pathway is blocked; (b) a synergic
inhibitory effect is observed when a combination of toxins is used to block two Ca** entry pathways;
(c) in synapses with several Ca’* channel subtypes, when one tries to sum up the individual inhibi-
tory effects of the toxins, the values obtained are greater than 100%. They suggest that these findings
could be explained by the presence of “spare” channels. Under conditions in which the [Ca®'], is
saturating for the acceptor, participation of multiple Ca®* channels might increase the reliability of
excitation—secretion coupling, since activation of a single channel will be sufficient to maximize the
release probability. This “spare channel” model might describe excitation—secretion coupling under
conditions of relatively strong stimulation, such as high frequency trains of action potentials, or
with prolonged depolarizations using increasing concentrations of K*. Biochemical modifications
(such as phosphorylation), which increase the sensitivity of the Ca®" acceptor, would also predict
an increased probability of release elicited by entry of Ca** through a single channel. Under these
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conditions, the binding affinity of the Ca** channel antagonists would be underestimated by their
effect on synaptic transmission, since blockade of one of several channels at the active zone would
have little or no effect on release. This would produce a rightward shift in the concentration-response
relationship relative to the binding curve.

A Ca* dependency of the blockade of different Ca>* channel subtypes is also shown in the study
performed by Lara et al. [175] in bovine chromaffin cells, where it was demonstrated that L and
Q channels predominantly control catecholamine release. These investigators observed that block-
ade of secretion mediated by L-type channels is not dependent on the extracellular concentration of
Ca*" while blockade of Q-type channels is. The explanation that these authors give to these findings
is that Q-type channels could be more tightly coupled to exocytotic active sites in comparison to
L-type. The physiological meaning given to this channel distribution might be found in consider-
ing the need for regular secretory rate during normal activity of the body (L-type secretion) and
explosive catecholamine secretion that occurs under stressful conditions (P/Q-type secretion). An
additional effort should be made to understand further how and why the combined blockade of two
channels and/or the Ca* gradient have synergic effects on secretion in chromaffin cells.

A number of studies performed in voltage-clamped bovine chromaffin cells have also produced
contradictory results. For instance, Artalejo et al. [82] measured KCm elicited by a train of 10 depo-
larizing pulses of 50 ms to +10 mV separated by 500 ms (5 s of stimulation) in bovine chromaffin
cells; 10 mM Ba?* (or Ca?") was used as charge carrier. They found that N or P channels contributed
about 20% to exocytosis; so-called “facilitation” Ca’" channels (DHP-sensitive L-type channels),
that were recruited by previous pretreatment with D1 receptor agonists or cAMP, contributed 80%
of the exocytosis. The authors suggest that “facilitation Ca*" channels may be closer to the docking
and release sites than either of the other two channels.”

Lukyanetz and Neher [89] also measured XCm in response to single 200-ms depolarizing pulses
applied to bovine chromaffin cells under the whole-cell configuration of the patch-clamp technique,
using 60 mM Ca®" as charge carrier. They could not obtain the facilitation of KCm observed by
Artalejo et al. [82]. In addition, they could not observe a preferential role of any Ca®* channel
subtype (in eliciting exocytosis) either; the action of the Ca®* currents was proportional to the Ca*"
charge, irrespective of channel type. Contrary to Artalejo et al. [82], Lukyanetz and Neher [89])
reported that “participation of N-type channels (in exocytosis) is higher than that of L-type.” The
P/Q channel contributed little to I, and ¥Cm; this may be due to the fact that under conditions
of excess divalent cations (60 mM Ca*" was used as charge carrier by Lukyanezt and Neher [89],
w-conotoxin MVIIC binds and blocks P/Q channels poorly [79]. Ulate et al. [90] studied voltage-
clamped bovine chromaffin cells, measuring I, and KCm elicited by single 100-ms depolarizing
pulses in 10 mM Ca*. They found that “all Ca** channel types (20% L, 48% N, and 43% P/Q) con-
tributed to the secretory response in a manner roughly proportional to the current they allow to pass,
thus implying a similar efficacy in triggering catecholamine release.” Finally, Engisch and Nowycky
[183] found that KCm evoked by single-step depolarizations “was strictly related to the integral of
the voltage-clamped Ca?* currents, regardless of the Ca>* channel subtype.”

Different views are also obtained from experiments performed using other preparations and
stimulation procedures. For instance, with brief depolarizing K* pulses (seconds), L channels con-
tribute more than N or P/Q channels to trigger secretion in populations of cat and bovine chromaffin
cells [69, 164]. Also, by changing the Ca>* concentration of the superfusion medium it was suggested
that P/Q channels colocalize closer to the secretory machinery than L channels [175]. Furthermore,
O’Farrell et al. [184] obtained evidence in perfused bovine adrenal glands suggesting that “N-type
Ca’" channels are largely responsible for catecholamine release induced by nerve stimulation.”

Neither, depolarizing pulses in the range of milliseconds applied to voltage-clamped cells, nor
pulses in the range of seconds applied to cells with their membrane potential free, are representa-
tive of the physiological conditions in which chromaffin cells are being stimulated in situ. It is true
that the first approach has a time resolution closer to the duration of action potentials triggered
by endogenously released acetylcholine [185]. However, by holding the membrane potential at
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hyperpolarizing voltages, the voltage-inactivation of N and P/Q, but not L channels [70], might be
prevented. The second approach has a more limited time resolution, but cells keep their “physiologi-
cal” membrane potential free at the moment of application of the depolarizing pulse. At their resting
membrane potential [186,187], chromaffin cells might well have partially inactivated the N and
P/Q channels; thus, their role in exocytosis could be underestimated when using K* depolarization,
giving more protagonism to L channels [69,164].

The real sequence of events leading from stimulus to release of catecholamines at the adrenal
medulla is unknown. However, several studies make the following sequence feasible. Acetylcholine
depolarizes the chromaffin cell [188], and this causes the firing of action potentials [189]. This
recruits Ca®* channels, triggering Ca®* entry and exocytosis. However, the various Ca** channel sub-
types suffer different degrees of inactivation, depending on the cytosolic Ca** concentration [99] and
on the membrane potential [70]. Furthermore, chromaffin cells express Ca**-dependent K* channels
of small conductance [190] that will also contribute to the regulation of action potential firing and
exocytosis [191,192]. In summary, all these factors suggest that each type of Ca®* channel could
exhibit different efficacies to trigger and control the secretory process. Selection of the appropriate
experimental conditions might reveal these differences.

5.8 BASIC AND CLINICAL PERSPECTIVES

In over two decades of o-toxins use, at least six subtypes of HVA Ca** channels have been
identified and characterized. New toxins are needed to target selectively the Q-type Ca*" channel
without affecting the N or P. The R- or T-type channels also need new toxins to characterize their
functions. Whether the P and Q channels are the same or separate entities in various cell types
remains to be clarified. The question of how many Ca** channel subtypes remain to be discovered
is also relevant. In addition, differences among tissues and cell types for a given Ca** channel are
emerging; L-type Ca’* channels differ from skeletal, to cardiac, to smooth muscles and the brain.
Are the Q channels from hippocampal and chromaffin cells identical? What about the N, P, or
R channels? Why different Ca?* channels are required to control exocytosis of the same transmit-
ter (i.e., acetylcholine and catecholamines) in the same cell type, and in different animal species?
Another important question relates to the expression of various channel subtypes in the same cell.
Why does exocytosis require Ca** from different pathways? Is it a safety valve to secure the effi-
ciency of the process? If the N channel is a part of the secretory machinery, what about the L, P, or
Q channels? How close are they from exocytotic active sites? And most interesting, are the channels
of a paraneuronal cell such as the chromaffin cell equally organized than those of brain synapses?
Why is the release of norepinephrine controlled by N channels in sympathetic neurons and by L or
Q channels in chromaffin cells? Do action potentials recruit different Ca®* channel subtypes in those
two catecholaminergic cell types? Furthermore, do Ca** channel subtypes that dominate secretion
in cultured chromaffin cells differ in intact adrenal glands or in adrenal slices? Will a K* depolar-
izing stimulus recruit Ca** channels different from those recruited by action potentials in neurons,
or by acetylcholine receptors in chromaffin cells? Is the electrical pattern of different excitable
cells causing different secretion patterns by simply recruiting specific Ca** channels with particular
gating and kinetic properties?

Another critical question relates to the development of a pharmacology for neuronal Ca** chan-
nels. While L-type Ca®* channels have a rich pharmacology that has provided novel therapeutic
approaches to treat cardiovascular diseases, nonpeptide molecules, which block or inactivate the
N, P, Q, T, or R channels, are lacking. Thus, a major goal for research in this field is the search
for selective blockers or modulators of specific Ca** channel subtypes that could eventually be
used as therapeutic tools in disease. The recent introduction of mibefradil as a T-type Ca*" chan-
nel blocker opened new possibilities to study the functions of these channels. The knowledge of
the three-dimensional structure in solution of the different toxins is very important for studying
the specificity of their interactions with Ca®* channel subtypes, and to define active sites that can
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serve as models to design and synthesize nonpeptide blockers. The ®-conotoxins are small peptides
containing 24-29 amino acid residues. It is interesting that the amino acid sequence of ®-conotoxin
MVIIA is much more similar to that of m-conotoxin MVIIC than to ®-conotoxin GVIA; yet the
pharmacology of ®-conotoxin MVIIA is much closer to that of w-conotoxin GVIA (blockade of N-
type channels). Thus, it will be very important to define structural differences determining the toxin
selectivity for N- or Q-type Ca’" channels. The three-dimensional structures of w-conotoxin GVIA
[193-196], w-conotoxin MVIIA [197], and w-conotoxin MVIIC [198, 199] have been elucidated.
Other new toxins will facilitate their comparisons and the definition of structural determinants for
specific binding to Ca?* channel subtypes to identify a pharmacophore and to facilitate the synthesis
of nonpeptide HVA Ca*" channel modulators of therapeutic interest [200].

Nonpeptide blockers for neuronal Ca®*" channels are emerging, but they lack selectivity. For
instance, the piperazine derivatives flunarizine, R56865, lubeluzole, and dotarizine are “wide-
spectrum” Ca* channel blockers [51,52,201]. Fluspirilene, a member of the diphenylbutylpipe-
ridine class of neuroleptic drugs (which also includes pimozide, clopimozide, and penfluridol) has
antischizophrenic actions and block N-type Ca** channels in PC12 cells [202]. It may be that its
neuroleptic properties are due, at least in part, to an inhibition of neuronal N-type Ca>* channels.
Thus, inhibition (or facilitation) of specific neurotransmitter release by selective blockers (or activa-
tors) of Ca®" channels may have functional and therapeutic consequences. For instance, synthetic
w-conotoxin MVIIA protected hippocampal CA1 pyramidal neurons from damage caused by tran-
sient, global forebrain ischemia in the rat [14].

Channel opathies are increasingly being associated to specific diseases [203]. For instance,
mutations of the Cav2.1 gene that encodes the o, subunit of the P/Q Ca”* channel are responsible
for the human familial hemiplegic migraine, episodic ataxia type 2, and spinocerebellar ataxia type
6 [204-206]. Also, natural P/Q mutations have been reported for the tottering and leaner mice, of
which the homozygous rodents exhibit symptoms of ataxia and epilepsy [207,208]. In addition, P/Q
knockout mice display progressive ataxia and dystonia until they are finally unable to walk, and
eventually die [209].

In patients suffering paraneoplastic Lambert—Eaton syndrome and in passive transfer animal
models of the disease, owing to an autoimmune reaction against the P/Q-type Ca** channel located
at the presynaptic motor nerve terminal, a reduction of neurotransmitter release is observed [210].
It is interesting that L-type Ca®* channels that are normally absent at the muscle endplate become
coupled to neurotransmitter release after neuromuscular junctions were treated with immunoglobu-
lins from either Lambert—Eaton patients [211] or amyotrophic lateral sclerosis patients [212] during
reinnervation [213] and during functional recovery from botulinum toxin type-A poisoning [214].

In hair cells, the L-type Ca*" channel current is associated to a gene expressing a Cavl.3 o
subunit. The central role of these currents in auditory transduction was shown through deletion of
the gene expressing Cav1.3 that caused complete deafness [215].

o-Toxin Ca* channel blockers have recently entered the clinic as therapeutic tools. Such is the
case of w-conotoxin MVIIA, also known as SNX-111 or ziconotide [216]. The recent approval of
Prialt®, a synthetic version of w-conotoxin MVIIA, by several drug regulatory agencies, for the
treatment of severe chronic pain associated with cancer, acquired immune deficiency syndrome
(AIDS), and neuropathies represents a significant advancement in analgesia. Ziconotide has shown
potent efficacy in a postsurgical setting [217] as well as in patients suffering from a variety of
chronic, and o