SEAFO0O0D
AND
FRESHWATER
TOXINS

- _—
"PHARMACOLOGY, .
PHYSIOLOGY,

g -
. “ -
AND DETECTI’N. »

edited by
Luis M. Botana







lazar
0824746333.jpg


SEAFOOD
AND
FRESHWATER
TOXINS

PHARMACOLOGY,

PHYSIOLOGY,
AND DETECTION

edited by

Luis M. Botana

University of Santiago de Compostela
Lugo, Spain

MARCEL

(E) Marcel Dekker, Inc. New York - Basel

Copyright © 2000 by Marcel Dekker, Inc. All Rights Reserved.



Library of Congress Cataloging-in-Publication Data

Seafood and freshwater toxins : pharmacology, physiology, and detection / edited by
Luis M. Botana.
p. cm. — (Food science and technology)
Includes index.
ISBN 0-8247-8956-3 (alk. paper)
1. Marine toxins. 2. Poisonous shellfish. 1. Botana, Luis M. II. Series.

QP632.M37 S43 2000
615.9’45—dc21
00-040480

This book is printed on acid-free paper.

Headquarters

Marcel Dekker, Inc.

270 Madison Avenue, New York, NY 10016
tel: 212-696-9000; fax: 212-685-4540

Eastern Hemisphere Distribution

Marcel Dekker AG

Hutgasse 4, Postfach 812, CH-4001 Basel, Switzerland
tel: 41-61-261-8482; fax: 41-61-261-8896

World Wide Web
http://www.dekker.com

The publisher offers discounts on this book when ordered in bulk quantities. For more informa-
tion, write to Special Sales/Professional Marketing at the headquarters address above.

Copyright © 2000 by Marcel Dekker, Inc. All Rights Reserved.
Neither this book nor any part may be reproduced or transmitted in any form or by any means,
electronic or mechanical, including photocopying, microfilming, and recording, or by any infor-

mation storage and retrieval system, without permission in writing from the publisher.

Current printing (last digit):
10987654321

PRINTED IN THE UNITED STATES OF AMERICA



FOOD SCIENCE AND TECHNOLOGY

A Series of Monographs, Textbooks, and Reference Books

EDITORIAL BOARD

Senior Editors

Owen R. Fennema University of Wisconsin—Madison
Y.H. Hui Science Technology System

Marcus Karel Rutgers University (emeritus)

Pieter Walstra Wageningen University

John R. Whitaker University of California—Davis

Additives P. Michael Davidson University of Tennessee—Knoxville
Dairy science James L. Steele University of Wisconsin—Madison
Flavor chemistry and sensory analysis John H. Thorngate lll  University of

California—Davis

Food engineering Daryl B. Lund University of Wisconsin—Madison

Food proteins/food chemistry Rickey Y. Yada University of Guelph

Health and disease Seppo Salminen University of Turku, Finland

Nutrition and nutraceuticals Mark Dreher Mead Johnson Nutritionals

Phase transition/food microstructure Richard W. Hartel University of Wisconsin—

Madison

Processing and preservation Gustavo V. Barbosa-Canovas Washington State

University—Pullman

Safety and toxicology Sanford Miller University of Texas—Austin

Flavor Research: Principles and Techniques, R. Teranishi, I. Hornstein, P. Is-
senberg, and E. L. Wick

Principles of Enzymology for the Food Sciences, John R. Whitaker
Low-Temperature Preservation of Foods and Living Matter, Owen R. Fenne-
ma, William D. Powrie, and Elmer H. Marth

Principles of Food Science

Part I: Food Chemistry, edited by Owen R. Fennema

Part II: Physical Methods of Food Preservation, Marcus Karel, Owen R. Fenne-
ma, and Daryl B. Lund

Food Emulsions, edited by Stig E. Friberg

Nutritional and Safety Aspects of Food Processing, edited by Steven R. Tan-
nenbaum

Flavor Research: Recent Advances, edited by R. Teranishi, Robert A. Flath,
and Hiroshi Sugisawa

Computer-Aided Techniques in Food Technology, edited by Israel Saguy
Handbook of Tropical Foods, edited by Harvey T. Chan

. Antimicrobials in Foods, edited by Alfred Larry Branen and P. Michael

Davidson

. Food Constituents and Food Residues: Their Chromatographic Determination,

edited by James F. Lawrence

MaRcEL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

) 7



12.

13.

14.

15.

16.

17.
18.

19.
20.
21.
22.

23.
24,
25.
26.
27.
28.
29.

30.

31.
32.

33.
34.

35.

36.
37.

38.

39.

40.

41.
42.

43.
44,
45,

46.
47.
48.

Aspartame: Physiology and Biochemistry, edited by Lewis D. Stegink and L. J.
Filer, Jr.

Handbook of Vitamins: Nutritional, Biochemical, and Clinical Aspects, edited by
Lawrence J. Machlin

Starch Conversion Technology, edited by G. M. A. van Beynum and J. A.
Roels

Food Chemistry: Second Edition, Revised and Expanded, edited by Owen R.
Fennema

Sensory Evaluation of Food: Statistical Methods and Procedures, Michael
O'Mahony

Alternative Sweeteners, edited by Lyn O'Brien Nabors and Robert C. Gelardi
Citrus Fruits and Their Products: Analysis and Technology, S. V. Ting and
Russell L. Rouseff

Engineering Properties of Foods, edited by M. A. Rao and S. S. H. Rizvi
Umami: A Basic Taste, edited by Yojiro Kawamura and Morley R. Kare

Food Biotechnology, edited by Dietrich Knorr

Food Texture: Instrumental and Sensory Measurement, edited by Howard R.
Moskowitz

Seafoods and Fish Oils in Human Health and Disease, John E. Kinsella
Postharvest Physiology of Vegetables, edited by J. Weichmann

Handbook of Dietary Fiber: An Applied Approach, Mark L. Dreher

Food Toxicology, Parts A and B, Jose M. Concon

Modern Carbohydrate Chemistry, Roger W. Binkley

Trace Minerals in Foods, edited by Kenneth T. Smith

Protein Quality and the Effects of Processing, edited by R. Dixon Phillips and
John W. Finley

Adulteration of Fruit Juice Beverages, edited by Steven Nagy, John A. Atta-
way, and Martha E. Rhodes

Foodborne Bacterial Pathogens, edited by Michael P. Doyle

Legumes: Chemistry, Technology, and Human Nutrition, edited by Ruth H.
Matthews

Industrialization of Indigenous Fermented Foods, edited by Keith H. Steinkraus
International Food Regulation Handbook: Policy e Science ¢ Law, edited by
Roger D. Middlekauff and Philippe Shubik

Food Additives, edited by A. Larry Branen, P. Michael Davidson, and Seppo
Salminen

Safety of Irradiated Foods, J. F. Diehl

Omega-3 Fatty Acids in Health and Disease, edited by Robert S. Lees and
Marcus Karel

Food Emulsions: Second Edition, Revised and Expanded, edited by Kare Lar-
sson and Stig E. Friberg

Seafood: Effects of Technology on Nutrition, George M. Pigott and Barbee W.
Tucker

Handbook of Vitamins: Second Edition, Revised and Expanded, edited by
Lawrence J. Machlin

Handbook of Cereal Science and Technology, Klaus J. Lorenz and Karel Kulp
Food Processing Operations and Scale-Up, Kenneth J. Valentas, Leon Levine,
and J. Peter Clark

Fish Quality Control by Computer Vision, edited by L. F. Pau and R. Olafsson
Volatile Compounds in Foods and Beverages, edited by Henk Maarse
Instrumental Methods for Quality Assurance in Foods, edited by Daniel Y. C.
Fung and Richard F. Matthews

Listeria, Listeriosis, and Food Safety, Elliot T. Ryser and Elmer H. Marth
Acesulfame-K, edited by D. G. Mayer and F. H. Kemper

Alternative Sweeteners: Second Edition, Revised and Expanded, edited by Lyn
O'Brien Nabors and Robert C. Gelardi

MaRcEL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

) 7



49,

50.
51.

52.
583.

54.

55.

56.
57.

58.
59.

60.
61.

62.

63.

64.
65.

66.

67.
68.
69.
70.

71.

72.
73.

74.
75.

76.
77.
78.
79.
80.

81.

82.

83.
84.

Food Extrusion Science and Technology, edited by Jozef L. Kokini, Chi-Tang
Ho, and Mukund V. Karwe

Surimi Technology, edited by Tyre C. Lanier and Chong M. Lee

Handbook of Food Engineering, edited by Dennis R. Heldman and Daryl B.
Lund

Food Analysis by HPLC, edited by Leo M. L. Nollet

Fatty Acids in Foods and Their Health Implications, edited by Ching Kuang
Chow

Clostridium botulinum: Ecology and Control in Foods, edited by Andreas H. W.
Hauschild and Karen L. Dodds

Cereals in Breadmaking: A Molecular Colloidal Approach, Ann-Charlotte Elias-
son and Kare Larsson

Low-Calorie Foods Handbook, edited by Aaron M. Altschul

Antimicrobials in Foods: Second Edition, Revised and Expanded, edited by P.
Michael Davidson and Alfred Larry Branen

Lactic Acid Bacteria, edited by Seppo Salminen and Atte von Wright

Rice Science and Technology, edited by Wayne E. Marshall and James |.
Wadsworth

Food Biosensor Analysis, edited by Gabriele Wagner and George G. Guilbault
Principles of Enzymology for the Food Sciences: Second Edition, John R.
Whitaker

Carbohydrate Polyesters as Fat Substitutes, edited by Casimir C. Akoh and
Barry G. Swanson

Engineering Properties of Foods: Second Edition, Revised and Expanded, edi-
ted by M. A. Rao and S. S. H. Rizvi

Handbook of Brewing, edited by William A. Hardwick

Analyzing Food for Nutrition Labeling and Hazardous Contaminants, edited by
Ike J. Jeon and William G. Ikins

Ingredient Interactions: Effects on Food Quality, edited by Anilkumar G.
Gaonkar

Food Polysaccharides and Their Applications, edited by Alistair M. Stephen
Safety of Irradiated Foods: Second Edition, Revised and Expanded, J. F. Diehl
Nutrition Labeling Handbook, edited by Ralph Shapiro

Handbook of Fruit Science and Technology: Production, Composition, Storage,
and Processing, edited by D. K. Salunkhe and S. S. Kadam

Food Antioxidants: Technological, Toxicological, and Health Perspectives,
edited by D. L. Madhavi, S. S. Deshpande, and D. K. Salunkhe

Freezing Effects on Food Quality, edited by Lester E. Jeremiah

Handbook of Indigenous Fermented Foods: Second Edition, Revised and Ex-
panded, edited by Keith H. Steinkraus

Carbohydrates in Food, edited by Ann-Charlotte Eliasson

Baked Goods Freshness: Technology, Evaluation, and Inhibition of Staling,
edited by Ronald E. Hebeda and Henry F. Zobel

Food Chemistry: Third Edition, edited by Owen R. Fennema

Handbook of Food Analysis: Volumes 1 and 2, edited by Leo M. L. Nollet
Computerized Control Systems in the Food Industry, edited by Gauri S. Mittal
Techniques for Analyzing Food Aroma, edited by Ray Marsili

Food Proteins and Their Applications, edited by Srinivasan Damodaran and
Alain Paraf

Food Emulsions: Third Edition, Revised and Expanded, edited by Stig E. Fri-
berg and Kare Larsson

Nonthermal Preservation of Foods, Gustavo V. Barbosa-Canovas, Usha R.
Pothakamury, Enrique Palou, and Barry G. Swanson

Milk and Dairy Product Technology, Edgar Spreer

Applied Dairy Microbiology, edited by Elmer H. Marth and James L. Steele

MaRcEL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

) 7



85.

86.

87.
88.

89.
90.

91.
92.

93.

94.

95.

96.

97.

98.
99.

100.

101.
102.

103.

104.
105.

106.
107.

108.

109.

110.

111.

112.

113.
114.

115.
116.

Lactic Acid Bacteria: Microbiology and Functional Aspects, Second Edition,
Revised and Expanded, edited by Seppo Salminen and Atte von Wright
Handbook of Vegetable Science and Technology: Production, Composition,
Storage, and Processing, edited by D. K. Salunkhe and S. S. Kadam
Polysaccharide Association Structures in Food, edited by Reginald H. Walter
Food Lipids: Chemistry, Nutrition, and Biotechnology, edited by Casimir C.
Akoh and David B. Min

Spice Science and Technology, Kenji Hirasa and Mitsuo Takemasa

Dairy Technology: Principles of Milk Properties and Processes, P. Walstra, T.
J. Geurts, A. Noomen, A. Jellema, and M. A. J. S. van Boekel

Coloring of Food, Drugs, and Cosmetics, Gisbert Otterstétter

Listeria, Listeriosis, and Food Safety: Second Edition, Revised and Expanded,
edited by Elliot T. Ryser and Elmer H. Marth

Complex Carbohydrates in Foods, edited by Susan Sungsoo Cho, Leon
Prosky, and Mark Dreher

Handbook of Food Preservation, edited by M. Shafiur Rahman

International Food Safety Handbook: Science, International Regulation, and
Control, edited by Kees van der Heijden, Maged Younes, Lawrence Fishbein,
and Sanford Miller

Fatty Acids in Foods and Their Health Implications: Second Edition, Revised
and Expanded, edited by Ching Kuang Chow

Seafood Enzymes: Utilization and Influence on Postharvest Seafood Quality,
edited by Norman F. Haard and Benjamin K. Simpson

Safe Handling of Foods, edited by Jeffrey M. Farber and Ewen C. D. Todd
Handbook of Cereal Science and Technology: Second Edition, Revised and
Expanded, edited by Karel Kulp and Joseph G. Ponte, Jr.

Food Analysis by HPLC: Second Edition, Revised and Expanded, edited by
Leo M. L. Nollet

Surimi and Surimi Seafood, edited by Jae W. Park

Drug Residues in Foods: Pharmacology, Food Safety, and Analysis, Nickos A.
Botsoglou and Dimitrios J. Fletouris

Seafood and Freshwater Toxins: Pharmacology, Physiology, and Detection,
edited by Luis M. Botana

Handbook of Nutrition and Diet, Babasaheb B. Desai

Nondestructive Food Evaluation: Techniques to Analyze Properties and
Quality, edited by Sundaram Gunasekaran

Green Tea: Health Benefits and Applications, Yukihiko Hara

Food Processing Operations Modeling: Design and Analysis, edited by Joseph
Irudayaraj

Wine Microbiology: Science and Technology, Claudio Delfini and Joseph V.
Formica

Handbook of Microwave Technology for Food Applications, edited by Ashim K.
Datta and Ramaswamy C. Anantheswaran

Applied Dairy Microbiology: Second Edition, Revised and Expanded, edited by
Elmer H. Marth and James L. Steele

Transport Properties of Foods, George D. Saravacos and Zacharias B.
Maroulis

Alternative Sweeteners: Third Edition, Revised and Expanded, edited by Lyn
O’Brien Nabors

Handbook of Dietary Fiber, edited by Susan Sungsoo Cho and Mark L. Dreher
Control of Foodborne Microorganisms, edited by Vijay K. Juneja and John N.
Sofos

Flavor, Fragrance, and Odor Analysis, edited by Ray Marsili

Food Additives: Second Edition, Revised and Expanded, edited by A. Larry
Branen, P. Michael Davidson, Seppo Salminen, and John H. Thorngate, IlI

MaRcEL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

) 7



117.

118.

119.
120.

121.
122.

123.

124,

125.

Food Lipids: Chemistry, Nutrition, and Biotechnology: Second Edition, Revised
and Expanded, edited by Casimir C. Akoh and David B. Min

Food Protein Analysis: Quantitative Effects on Processing, R. K. Owusu-
Apenten

Handbook of Food Toxicology, S. S. Deshpande

Food Plant Sanitation, edited by Y. H. Hui, Bernard L. Bruinsma, J. Richard
Gorham, Wai-Kit Nip, Phillip S. Tong, and Phil Ventresca

Physical Chemistry of Foods, Pieter Walstra

Handbook of Food Enzymology, edited by John R. Whitaker, Alphons G. J.
Voragen, and Dominic W. S. Wong

Postharvest Physiology and Pathology of Vegetables: Second Edition, Revised
and Expanded, edited by Jerry A. Bartz and Jeffrey K. Brecht

Characterization of Cereals and Flours: Properties, Analysis, and Applications,
edited by Génliil Kaletung and Kenneth J. Breslauer

International Handbook of Foodborne Pathogens, edited by Marianne D.
Miliotis and Jeffrey W. Bier

Additional Volumesin Preparation

Handbook of Dough Fermentations, edited by Karel Kulp and Klaus Lorenz

Extraction Optimization in Food Engineering, edited by Constantina Tzia and
George Liadakis

Physical Principles of Food Preservation: Second Edition, Revised and
Expanded, Marcus Karel and Daryl B. Lund

Handbook of Vegetable Preservation and Processing, edited by Y. H. Hui, Sue
Ghazala, Dee M. Graham, K. D. Murrell, and Wai-Kit Nip

Food Process Design, Zacharias B. Maroulis and George D. Saravacos

MaRcEL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

) 7



Preface

The field of toxins is fascinating for many reasons, but perhaps the most intriguing question is
why toxins exist in nature. In some cases, such as insects or reptiles, the reason for the existence
of toxins is clear; for dinoflagellates or cyanobacteria, we are far from understanding the ecologi-
cal purpose for the extraordinary diversity of toxins. But whatever the explanation, the toxins
show exquisite selectivity to some molecular targets in mammals, making them a real sanitary
and economic threat.

Researchers use seafood toxins as elegant tools to study how biological models function.
But anyone working in this field knows how difficult it is to integrate this kind of information,
since the groups that study seafood toxicity vary in areas of expertise from analytical chem-
istry, to molecular biology, ecology, physiology, pharmacology, epidemiology, and food tech-
nology.

There are numerous well-studied seafood toxins, and it is suspected that a great number
are still unknown. Many people are already devoted to trying to isolate them; a clear example
is the Pfiesteria case in Chesapeake Bay. This book is needed because of the scientific heteroge-
neity of the disciplines necessary to cope with seafood toxins, and because there is very little
integrated information. The book is an excellent reference for anyone in need of integrated
information about seafood or freshwater toxins, from their natural genesis to their deeper known
mechanism of action.

At first, the book was thought of as a seafood toxin study, but it ended up including
cyanobacterial, or freshwater, toxins because of the many similarities between both kinds of
toxins. Also, freshwater toxins are a major sanitary concern, a sad example being the 54 people
who died recently in Brazil from hemodialysis due to the presence of microcystin in the water.
Another reason to include seafood and freshwater toxins in a single volume is that, more and
more frequently, seafood living close to estuaries can be contaminated with toxins generated
upstream.

Throughout the book, the structure of the chapters is the same for each group of toxins,
with chapters reviewing their ecobiology, chemistry, and detection (both chemical and biologi-
cal), pharmacology, physiology, and toxicology. The classification follows criteria in some cases
still under debate, as when including yessotoxin as a diarrheic toxin. Chapters 3 and 4 cover
the epidemiology of marine toxins, and Chapter 5 reviews the toxin action of calcium channels,
since most dinoflagellate toxins are functionally driven preferentially to the sodium channel.
The final chapters review topics of special interest: Chapter 32 explains the new toxins we
should expect, Chapter 33 gives examples of the potential of toxins as a source for new drugs,
and Chapters 34 and 35 deal with economic aspects of dinoflagellate bloom:s.

This book is intended as a solid reference, and it should be useful for Ph.D. students and
specialists in many fields, such as pharmacologists, physiologists, biochemists, medical doctors,
chemists, biologists, and food technologists.

iii
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iv PREFACE

As with any book of this kind, its quality must be attributed to the contributors. They are
all leading scientists in their fields, and I thank them for their great effort, since this thankless
task was superimposed on their other duties. I am deeply grateful to them. Also, the guidance,
encouragement, and work of the editorial team at Marcel Dekker, Inc. is greatly acknowledged.

This work is dedicated to my parents and my wife.

Luis M. Botana

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INc. d\E‘P
270 Madison Avenue, New York, New York 10016 0



Part 1

Part 11

Part 111

Part IV

Part' V

Contents

Preface iii
Contributors ix
General Considerations
1 Historic Considerations Regarding Seafood Safety 1
Takeshi Yasumoto
2 Diversity of Marine and Freshwater Algal Toxins 19
Frances M. Van Dolah
The Epidemiological Impact of Toxic Episodes
3 Nonneurotoxic Toxins 45
Juan Jesus Gestal-Otero
4 Neurotoxic Toxins 65
Bradford David Gessner
Diversity of Neurotoxins as Pharmacological Tools
5 Calcium Channels for Exocytosis: Functional Modulation with
Toxins 91
Antonio G. Garcia, Luis Gandia, Manuela G. Lopez, and
Carmen Montiel
Paralytic Shellfish Poisoning (PSP)
6 Ecobiology, Classification, and Origin 125
Masaaki Kodama
7 Chemistry and Mechanism of Action 151
Yuzuru Shimizu
8 Chemical Analysis of PSP Toxins 173 )
Bernd Luckas §
9 Biological Detection Methods 187 3
Benjamin A. Sudrez-Isla and Patricio Vélez £
10 Paralytic Shellfish Poisoning (PSP): Toxicology and Kinetics 203 =
Néstor W. Lagos and Dario Andrinolo ;
Enteric Toxic Episodes: DSP Toxins, Pecteno and Yessotoxins §
A
11 Detection Methods for Okadaic Acid and Analogues 217 g
Kevin J. James, Alan G. Bishop, Eoin P. Carmody, and =
. o
Sean S. Kelly =
v g
S

MaRcEL DEKKER, INc. d\E‘P
270 Madison Avenue, New York, New York 10016 0



vi

Part VI

Part VII

Part VIII

Part IX

12

13

14

CONTENTS

Mechanism of Action and Toxicology

Mercedes R. Vieytes, M. C. Louzao, A. Alfonso, A. G. Cabado,
and Luis M. Botana

Neoplastic Activity of DSP Toxins: The Effects of Okadaic Acid
and Related Compounds on Cell Proliferation: Tumor Promotion
or Induction of Apoptosis?

Gian Paolo Rossini

Pectenotoxins and Yessotoxins: Chemistry, Toxicology,
Pharmacology, and Analysis

Rosa Draisci, Luca Lucentini, and Alessandro Mascioni

Amnesic Toxic Episodes

15

16

17

18

Ecobiology, Clinical Symptoms, and Mode of Action of Domoic
Acid, an Amnesic Shellfish Toxin

Mohinder S. Nijjar and Satnam S. Nijjar

Pharmacology of Domoic Acid

Adam Doble

Molecular Biology of Kainate Receptors: Targets of Domoic Acid
Toxicity

Donald A. Skifter, Mark P. Thomas and Daniel T. Monaghan
Chemical and Biological Detection Methods

Antonello Novelli, M. T. Fernandez-Sanchez, T. A. Doucette,
and R. A. R. Tasker

Non-PSP Neurotoxic Episodes

19 Ciguatera Toxins: Chemistry and Detection
Sonia E. Guzman-Pérez and Douglas L. Park

20 Ciguatera Toxins: Pharmacology of Toxins Involved in Ciguatera
and Related Fish Poisonings
Richard J. Lewis, Jordi Molgo, and David J. Adams

21 Ciguatera Toxins: Toxinology
Kiyoshi Terao

22 Ciguatera Toxins: Mechanism of Action and Pharmacology of
Maitotoxin
Mark Estacion

23 Brevetoxins: Chemistry, Mechanism of Action, and Methods of
Detection
Daniel G. Baden and David J. Adams

Palytoxin

24 Chemistry and Detection
Chee-Hong Tan and Ching-Ong Lau

25 Mechanism of Action, Pharmacology, and Toxicology

Magdalena T. Tosteson

Freshwater Toxins

26

Freshwater Cyanobacterial Neurotoxins: Ecobiology, Chemistry,
and Detection
Kaarina Sivonen

239

257

289

325

359

373

383

401

419

449

473

505

533

549

567

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INc. d\E‘P
270 Madison Avenue, New York, New York 10016 0



Part X

Part XI

27

28

29

30

31

CONTENTS

Freshwater Neurotoxins: Mechanisms of Action, Pharmacology,
Toxicology, and Impacts on Aquaculture

Paul T. Smith

Freshwater Hepatotoxins: Ecobiology and Classification

Akira Takai and Ken-ichi Harada

Freshwater Hepatotoxins: Chemistry and Detection

Fun S. Chu

Freshwater Hepatotoxins: Microcystin and Nodularin, Mechanisms
of Toxicity and Effects on Health

Marcia Craig and Charles F. B. Holmes

Freshwater Hepatotoxins: Geographical Distribution of Toxic
Cyanobacteria

Mariyo F. Watanabe

New Toxins, New Drugs

32

33

New Toxins on the Horizon

Kevin J. James, Alan G. Bishop, and Ambrose Furey
Marine Toxins as a Starting Point for Drugs

David J. Craik and Martin J. Scanlon

Economical Considerations Regarding Toxic Episodes

34

35

Incidence of Marine Toxins on Industrial Activity

Juan M. Vieites and Francisco Leira Sanmartin

Remote Sensing and Computerized Mapping for Development of
Harmful Algal Bloom Prediction Methods

Ignacio Sordo, Joaquin A. Trifianes, José M. Cotos, and

Carlos Hernandez

Index

vii

583

603

613

643

673

693

715

741

761

781

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INc. d\E‘P
270 Madison Avenue, New York, New York 10016 0



Contributors

David J. Adams, Ph.D. Professor and Head, Department of Physiology and Pharmacology,
The University of Queensland, Brisbane, Australia

A. Alfonso, Ph.D. Professor, Department of Physiology, Campus de Lugo, University of San-
tiago de Compostela, Lugo, Spain

Dario P. Andrinolo, M.Sc. Biologist, Department of Physiology and Biophysics, Faculty of
Medicine, University of Chile, Santiago, Chile

Daniel G. Baden, Ph.D. Professor of Chemistry and Director, Center for Marine Science
Research, University of North Carolina at Wilmington, Wilmington, North Carolina

Alan G. Bishop, Ph.D. Researcher, Ecotoxicology Research Unit, Chemistry Department,
Cork Institute of Technology, Bishopstown, Cork, Ireland

Luis M. Botana, Ph.D. Full Professor, Department of Pharmacology, University of Santiago
de Compostela, Lugo, Spain

A. G. Cabado, Ph.D. Professor, Department of Physiology, Campus de Lugo, University of
Santiago de Compostela, Lugo, Spain

Eoin P. Carmody, Ph.D. Researcher, Ecotoxicology Research Unit, Chemistry Department,
Cork Institute of Technology, Bishopstown, Cork, Ireland

Fun S. Chu, Ph.D. Professor, Food Research Institute, University of Wisconsin, Madison,
Wisconsin

José M. Cotos, Ph.D. Associate Professor, Department of Electronics and Computing Science,
University of Santiago de Compostela, Santiago de Compostela, Spain

Marcia Craig, Ph.D. Postdoctoral Fellow, Department of Biochemistry, University of Al-
berta, Edmonton, Alberta, Canada

David J. Craik, Ph.D. Professor, Centre for Drug Design and Development, The University
of Queensland, St. Lucia, Brisbane, Australia

Adam Doble, Ph.D. Director, CNS and Endocrinology Department, Rhone-Poulenc S.A., An-
tony, France

T. A. Doucette, B.A. Ph.D. Candidate, Department of Anatomy and Physiology, Atlantic Veter-
inary College, University of Prince Edward Island, Charlottetown, Prince Edward Island, Canada

Rosa Draisci, Ph.D. Director, Department of Residues in Foods of Animal Origin, Veterinary
Medicine Laboratory, Italian National Institute of Health, Rome, Italy

ix

MaRcEL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

U



X CONTRIBUTORS

Mark Estacion, Ph.D. Senior Researcher, Department of Research, MetroHealth Medical
Center, Cleveland, Ohio

M. T. Fernandez-Sanchez, Ph.D. Associate Professor, Biochemistry and Molecular Biology,
University of Oviedo, Oviedo, Spain

Ambrose Furey, Ph.D. Researcher, Ecotoxicology Research Unit, Chemistry Department,
Cork Institute of Technology, Bishopstown, Cork, Ireland

Luis Gandia, Ph.D. Instituto de Farmacologia Tedfilo Hernando, Facultad de Medicina, Uni-
versidad Auténoma de Madrid, Madrid, Spain

Antonio G. Garcia, M.D., Ph.D. Full Professor, Instituto de Farmacologia Teo6filo Hernando,
Universidad Autonoma de Madrid, Hospital Universitario de la Princesa, Madrid, Spain

Bradford David Gessner, M.D., M.P.H. Medical Epidemiologist, Alaska Department of
Health and Social Services, Division of Public Health, Anchorage, Alaska

Juan Jesus Gestal-Otero, M.D. Professor of Preventive Medicine, Public Health Department,
University of Santiago de Compostela, and Head of Preventive Medicine, Public Health Depart-
ment, University Hospital of Santiago de Compostela, Santiago de Compostela, Spain

Sonia E. Guzman-Pérez, Ph.D. Food Scientist, Department of Food Science, Louisiana State
University, Baton Rouge, Louisiana

Ken-ichi Harada, Ph.D. Associate Professor, Faculty of Pharmacy, Meijo University, Na-
goya, Japan

Carlos Hernandez, Ph.D. Full Professor, Department of Electronics and Computer Science,
University of Santiago de Compostela, Santiago de Compostela, Spain

Charles F. B. Holmes, BSc, MSc, Ph.D. Associate Professor, Department of Biochemistry,
University of Alberta, Edmonton, Alberta, Canada

Kevin J. James, Ph.D. Director, Ecotoxicology Research Unit, Chemistry Department, Cork
Institute of Technology, Bishopstown, Cork, Ireland

Sean S. Kelly, Ph.D. Researcher, Ecotoxicology Research Unit, Chemistry Department, Cork
Institute of Technology, Bishopstown, Cork, Ireland

Masaaki Kodama, Ph.D. Professor, School of Fisheries Sciences, Kitasato University, San-
riku, Iwate, Japan

Néstor W. Lagos, Ph.D. Biochemist, Department of Physiology and Biophysics, Faculty of
Medicine, University of Chile, Santiago, Chile

Ching-Ong Lau, Ph.D. Forensic Scientist, Narcotics Laboratory, Department of Scientific
Services, Institute of Science and Forensic Medicine, National University of Singapore, Singa-
pore

Richard J. Lewis, Ph.D. Principal Scientist, Queensland Agricultural Biotechnology Centre,
The University of Queensland, Brisbane, Australia

Manuela G. Lopez, Ph.D. Instituto de Farmacologia Teéfilo Hernando, Facultad de Medicina,
Universidad Autonoma de Madrid, Madrid, Spain

M. C. Louzao, Ph.D. Professor, Department of Pharmacology, Campus de Lugo, University
of Santiago de Compostela, Lugo, Spain

MaRcEL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

U



CONTRIBUTORS xi

Luca Lucentini, Ph.D. Researcher, Italian National Institute of Health, Rome, Italy

Bernd Luckas, Ph.D. Professor of Food Chemistry, Faculty of Biology and Pharmacy, Insti-
tute of Nutrition, University of Jena, Jena, Germany

Alessandro Mascioni, B.Sc. Researcher, Italian National Institute of Health, Rome, Italy

Jordi Molgé, D.D.S., Ph.D., D.Sci. Director of Research, Laboratoire de Neurobiologie Cellu-
laire et Moléculaire, CNRS, Gif sur Yvette, France

Daniel T. Monaghan, Ph.D. Associate Professor, Department of Pharmacology, University
of Nebraska Medical Center, Omaha, Nebraska

Carmen Montiel, Ph.D. Instituto de Farmacologia Teéfilo Hernando, Facultad de Medicina,
Universidad Auténoma de Madrid, Madrid, Spain

Mohinder S. Nijjar, Ph.D. Professor of Toxicology, Department of Anatomy and Physiology,
Atlantic Veterinary College, University of Prince Edward Island, Charlottetown, Prince Edward
Island, Canada

Satnam S. Nijjar, B.Sc. (Honors) Professor, Faculty of Medicine, University of Toronto,
Toronto, Ontario, Canada

Antonello Novelli, Ph.D. Associate Professor, Department of Psychology, University of
Oviedo, Oviedo, Spain

Douglas L. Park, Ph.D. Professor and Head, Department of Food Science, Louisiana State
University, Baton Rouge, Louisiana

Gian Paolo Rossini, D.Sc.  Professor, Department of Biochemistry, University of Modena and
Reggio Emilia, Modena, Italy

Francisco Leira Sanmartin, Ph.D. Head of Toxicological Area, Research and Development,
National Technical Center for Fish Products (CECOPESCA), Vigo, Spain

Martin J. Scanlon, Ph.D. Research Fellow, Centre for Drug Design and Development, The
University of Queensland, St. Lucia, Brisbane, Australia

Yuzuru Shimizu, Ph.D. Professor, Department of Biomedical Sciences, College of Pharmacy,
University of Rhode Island, Kingston, Rhode Island

Kaarina Sivonen, Ph.D. Senior Scientist of the Academy of Finland, Department of Applied
Chemistry and Microbiology, Biocenter Viikki, University of Helsinki, Helsinki, Finland

Donald A. Skifter, Ph.D. Staff, Department of Pharmacology, University of Nebraska Medi-
cal Center, Omaha, Nebraska

Paul T. Smith, Ph.D. Senior Lecturer, Department of Biological Sciences, University of
Western Sydney (Macarthur Campus), Campbelltown, New South Wales, Australia

Ignacio Sordo, M.D. Researcher, Electronics and Computing Science, University of Santiago
de Compostela, Santiago de Compostela, Spain

Benjamin A. Suarez-Isla, Ph.D. Chemist, Professor, and Chairman, Department of Physiol-
ogy and Biophysics, Faculty of Medicine, Institute of Biomedical Sciences, University of Chile,
Santiago, Chile

MaRcEL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

U



xii CONTRIBUTORS

Akira Takai, M.D., D.M.Sc. Associate Professor, Division of Biomolecular Dynamics, De-
partment of Cell Physiology, Graduate School of Medicine, Nagoya University, Nagoya, Japan

Chee-Hong Tan, Ph.D. Associate Professor, Department of Biochemistry, Faculty of Medi-
cine, National University of Singapore, Singapore

R. A. R. Tasker, Ph.D. Professor of Pharmacology, Department of Anatomy and Physiology,
Atlantic Veterinary College, University of Prince Edward Island, Charlottetown, Prince Edward
Island, Canada

Kiyoshi Terao, M.D, Ph.D. Professor, Yamawaki-Gakuen Junior College, Department of
Food Sciences, and Professor Emeritus, Chiba University, Tokyo, Japan

Mark P. Thomas, Ph.D. Assistant Professor, Department of Pharmacology, University of
Nebraska Medical Center, Omaha, Nebraska

Magdalena T. Tosteson, Ph.D. Lecturer on Biophysics, Department of Cell Biology, Harvard
Medical School, Boston, Massachusetts

Joaquin A. Trifianes, Ph.D. Researcher, Department of Electronics and Computer Science,
University of Santiago de Compostela, Santiago de Compostela, Spain

Frances M. Van Dolah, Ph.D. Research Biochemist, Center for Coastal Environmental
Health and Biomolecular Research, NOAA/National Ocean Service, Charleston, South Carolina

Patricio Vélez, Ph.D. Biologist, Department of Physiology and Biophysics, Faculty of Sci-
ence, University of Valparaiso, Valparaiso, Chile

Juan M. Vieites, Ph.D. Director, R+D Unit, National Technical Center for Fish Products
(CECOPESCA), Vigo, Spain

Mercedes R. Vieytes, Ph.D. Professor, Department of Physiology, Campus de Lugo, Univer-
sity of Santiago de Compostela, Lugo, Spain

Mariyo F. Watanabe, Ph.D. Professor, Faculty of Geo-environmental Sciences, Rissho Uni-
versity, Magechi, Kumagaya City, Saitama, Japan

Takeshi Yasumoto, Ph.D. Professor Emeritus, Tohoku University, Sendai, and Technical Ad-
visor, Tama Laboratory, Japan Food Research Laboratories, Tokyo, Japan

MaRcEL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

U



1

Historic Considerations Regarding
Seafood Safety

Takeshi Yasumoto
Tohoku University, Sendai, Japan
Japan Food Research Laboratories, Nagayama, Tama, Tokyo, Japan

. INTRODUCTION

Worldwide various kinds of seafood are being enjoyed as delicacy and nutritionally healthy
food. As demands for and production of seafood increase, it became important to pay more
attention to the seafood safety. Problems previously regarded as localized and trivial phenomena
may spread to other regions as the result of increasing world trade or proliferation of toxic
organisms triggered by environmental changes in the sea. Various types of seafood poisoning
so far known are listed in Table 1. Some others of very rare occurrence or only poorly character-
ized are not included in the list. For reasons beyond public health problems, seafood toxins
attract attention of scientists because of their potent bioactivity and unique chemical structures.
Chemically the toxins make the most challenging targets because of their structural complexity
and extremely limited availability. To pharmacologists and biochemists marine toxins are attrac-
tive agents because of their potent and specific action, as exemplified by the use of tetrodotoxin
and saxitoxin in sodium channel studies and that of okadaic acid in biochemical studies. Identi-
fication of toxin sources and elucidation of their food chain transmission are also interesting
from the ecological and environmental point of view. Owing to the difficulty of covering all
aspects of seafood toxins, in this chapter, emphasis will be on introducing historical events and
anecdotes related to etiological and structural aspects. Among various types of poisoning listed
in Table 1, topics related to paralytic shellfish poisoning (PSP), neurotoxic shellfish poisoning
(NSP), amnesic shellfish poisoning (ASP), and palytoxin are not included or only briefly men-
tioned in this chapter, because they will be discussed elsewhere in this book.

Il. TETRODOTOXIN POISONING (PUFFERFISH POISONING)
A. Occurrence and Etiology

Pufferfish are a highly esteemed delicacy in Japan despite the presence of a fatal toxin, tetrodo-
toxin (TTX), in the gonad, liver, and skin. In order to protect consumers, the government imposes
a strict regulation defining the edible species and edible tissues, and requests cooks who prepare
pufferfish dishes in restaurants to take a training course for a license. Nevertheless, pufferfish
poisoning has stayed as the primary cause of the death caused by food poisoning, because there

1
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Table 1 List of Types of Seafood Poisoning

Type of poisoning* Type of seafood Toxins Source of toxins
Tetrodotoxin poisoning Pufferfish Tetrodotoxin Bacteria
Ciguatera Tropical fish Ciguatoxin Gambierdiscus toxicus®
Palytoxin poisoning Fish Palytoxin Ostreopsis siamensis*
Crab poisoning Coral reef crabs Saxitoxin, tetrodotoxin Bacteria
Palytoxin Zoanthids (?)
PSP Shellfish Saxitoxin Alexandrium spp.*
DSP Shellfish Okadaic acid Dinophysis spp."
Pectenotoxin Dinophysis spp.*
NSP Shellfish Brevetoxin Gymnodinium breve*
ASP Shellfish Domoic acid Pseudonitzschia spp.”
AZP Shellfish Azaspiracid Unknown
Seaweed poisoning Gracilaria Aplysiatoxin Lyngbya majuscula®
Polycavernoside Unknown

Turtle poisoning Marine turtles Lyngbyatoxin-a Lyngbya majuscula®

* PSP, paralytic shellfish poisoning; DSP, diarrheic shellfish poisoning; NSP, neurotoxic shellfish poisoning; ASP,
amnesic shellfish poisoning; AZP, azaspiracid poisoning.

* Dinoflagellate.

® Diatom.

¢ Cyanobacterium.

are people who knowingly eat the liver of the pufferfish and boast that they enjoy the tingling
sensation in the month caused by the toxin. The reason for such a suicidal act lies in the fact
that pufferfish toxicity markedly varies individually, regionally, and seasonally. Unless a large
piece of this fish is eaten, the gourmand has a good chance, but not guaranteed for escaping
from intoxication. Because such a marked variation in toxicity suggested the exogenous origin
of the toxin, we constructed a fluorometric high-performance liquid chromatographic (HPLC)

H
Holt Hzm'v
H n N
CHOH gy H
HH
H OH H CH
12 4 S-anhydrpTTX 13 tetmdinc acd 14 56,1 4ndecxyTTX
Ry Ry R; R4 R5
1 TTX H OH OH  1CHOH CH
2 4epTTX OH H OH  1-CH,OH OH
3 B-epiTTX H CH n-CH,CH OH OH
4 -deoxyTTX H OH OH  1CH3 OH
5 11-0x0TTX H OH OH  ™CHO OH
6  TTX-11-carboxylic acid H OH OH  1-COOH OH
7 1t-norTTX-6.6-diol H OH OH CH OH
8  11-norTTX-6(S)ol H OH OH H CH
9 11-norTTX-6(R}-ol H OH H oH
12 13
10 chiriquitoxin H oH OH 1 CH{OH)CH(NH,)JCOOH  OH
R 5 Ty 4

11 TTX-8-O-hemisuccinate H OH  OH  "CHOH OOC{CH2),COCH

Figure 1 Structure of tetrodotoxin and its analogues (6 and 11 were prepared by chemical reactions).
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analyzer for TTX (1-3) and pursued the food chain. A bacterium initially assigned to Pseudomo-
nas sp. and later amended as Shwanella alga was confirmed to produce TTX and one of its
analogues, 4,9-anhydroTTX. The toxins were isolated and unambiguously identified by thin
layer chromatography (TLC), HPLC, fluorometric HPLC, fast atom bombardment-mass spec-
trometry (FAB-MS), dose-survival time response in mouse, and alkali degradation to 2-amino-
6-hydroxymethyl-8-hydroxyquinazoline (4,5).

B. Toxin Chemistry

The structure of TTX was established in 1964 (6—8), but little was known about the occurrence
of analogues. The fluorometric HPLC analyzer we constructed was not only superior to the
conventional mouse bioassays in its rapidity, sensitivity, and specificity but also was useful in
detecting a number of TTX analogues in pufferfish, newts, and frogs. These analogues were
isolated and their structures were determined, as shown in Figure 1. These analogues made
good tools to probe the interaction between the toxins and the binding site on the voltage-gated
sodium channels (9). They also gave a new insight into the biosynthesis of this intriguing
molecule. Using the HPLC method, we also detected TTX in fish other than pufferfish, crabs,
mollusks, polychate, and an alga (5). More details of TTX studies are described in our review
article (10).

lll. CIGUATERA
A. History and Etiology

In tropical regions many species of fish may become toxic and cause a combination of neurologi-
cal and gastroenteric disturbances called ciguatera. Although fatal cases are very rare, the mortal-
ity rate for the illness is high, ranging from 2 to 554 cases per 100,000 population in South
Pacific countries in 1977. As toxicity in individual fish varies very much, and the occurrence
of toxic fish widely differs from place to place, it was easily seen that the toxin is of exogenous
origin. However, the true source of the toxin and its chemical structure remained unknown for
along time. The causative toxin was first isolated in a pure form in Hawaii and named ciguatoxin
(CTX) (11). However, subsequent attempts to elucidate the structure was unsuccessful because
of the inadequate spectroscopic methods available at that time.

The first breakthrough in toxin etiology was made by the discovery of an epiphytic dino-
flagellate, Gambierdiscus toxicus. In order to test the food chain theory, small herbivorous fish,
Ctenochaetus striatus, were chosen. Because their teeth are small and loosely attached, they
feed on detrital material and sediments by suction and grazing, thereby making them a good
tool to test benthic or epiphytic microorganisms. The stomach and gut contents of C. striatus
were confirmed to contain a CTX-like toxin and a polar toxin which was named maitotoxin
(MTX) after the Tahitian name, ‘‘maito,”” for the fish (12). Furthermore, disk-shaped dinoflagel-
lates were abundantly observed in the guts of fish from endemic areas, whereas they were scarce
or absent in fish from nonendemic areas (13). The dinoflagellate was initially assigned as Diplop-
salis sp., but in a later study, a new genus and a new species were created to name it Gambierdis-
cus toxicus. The dinoflagellates were collected from the surface of dead corals in the Gambier
Islands, where ciguatera was highly prevalent, and proved to contain toxins closely resembling
CTX and MTX (14). When a strain of G. tfoxicus was cultured, however, the organism produced
MTX but did not produce CTX in any sufficient level for chemical characterization. Thus,
questions were raised about the toxigenicity of the organism. Years later another expedition
was made, and several strains of G. roxicus were isolated and cultured to be tested for intraspecies
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4 YASUMOTO

variation. Production of two ciguatoxin analogues (CTX4A, CTX3C) by one of the strains was
confirmed by isolating the toxins and determining their structures by chemical and spectroscopic
methods (15—17). The results of these structural studies finally put an end to the long-persisting
arguments about the origin of ciguatera toxins.

B. Chemistry

The first breakthrough in chemical studies on CTX was made in a collaborative study between
two research groups in Tahiti and Japan. Four tons of moray eels were collected from endemic
areas and 124 kg of the viscera was extracted to yield 0.35 mg of pure CTX (18). By working
on this small sample, the structure of CTX was successfully determined (19). The absolute
configuration of the toxin was also established recently, as shown in Figure 2 (20). The toxin
is one of the most potent natural toxins, having an LD50 of 350 ng/kg (18). Analysis of fish
samples implicated in human intoxication revealed that as little as 70 ng of the toxin was enough
to cause ciguatera symptoms by oral intake. The toxin in the wild specimen of G. foxicus was
initially named gambiertoxin but was renamed CTX4B. It has a less oxidized structure indicating
that oxidation to CTX takes place during the transmission in the food chain. From G. foxicus
cultures, a stereoisomer of CTX4B, coded CTX4A, was isolated together with a new analogue,
CTX3 (16,17). Chromatographic properties of CTX4A agreed well with those of a toxin previ-
ously detected in parrotfish and tentatively named scaritoxin. Therefore, we propose that the
name scaritoxin should be replaced with CTX4A, which is structurally better defined. Other
CTX analogues with defined chemical structures are shown in Figure 2. Interestingly, CTX in
Caribbean fish (C-CTX-1, -2) has a slightly different structural skeleton (Figure 2).

MTX was the major toxin in the viscera of herbivorous fish such as surgeonfish and
parrotfish, but its content was insignificant in the flesh, suggesting a limited role of MTX played
in ciguatera. However, a crude MTX sample prepared from surgeonfish caused severe vomiting

51-hydroa S TG

Figure 2 Structures of ciguatoxins.
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and diarrhea when given to cats orally (21). As eating small fish without eliminating their viscera
is a common practice in many places, the possible contribution of MTX should not be disre-
garded. Besides mouse lethality, MTX shows potent hemolytic and ichthyotoxic activities (21).
Subsequent structural studies unraveled an extraordinary large and complex structure of the
molecule. The planar structure (22) and relative stereostructure (23,24) were determined by
spectroscopic studies, and the absolute configuration (Figure 3) was determined by partial syn-
thesis (25). MTX is one of the most potent natural toxins (LD50 500 ng/kg, i.p., mice), being
only exceeded by a few proteinous toxins of bacterial origins (26). MTX enhances the influx
of extracellular calcium ion into cells and also stimulates phosphoinositides breakdown. For
further information, we refer readers a review article by Gusovsky and Daly (27), and references
therein.

C. Assay or Determination Method for CTX

Screening of toxic fish is usually carried out by intraperitoneally (i.p.) by injecting a lipid fraction
of fish into mice and observing them for 24 h. As the concentrations of CTX in fish flesh are
very low (0.5 ~ 1 ppb), preparation of the lipid samples involves tedious purification steps. As
CTX shares with brevetoxin the same binding site on sodium channel protein, competitive bind-
ing assays using radiolabeled brevetoxin is possible (28). Tetrazolium-based cell bioassay for
CTX was proposed based on the combined effect of the sodium channel activator veratridine
in the presence of ouabain, an inhibitor of Na*/K*ATPase, to block sodium efflux (29). Determi-
nation by liquid chromatography/mass spectrometry (LC/MC) may provide sensitive and accu-
rate results (30), but the expensive cost of the instrument coupled with the absence of an adequate
supply of reference toxins limits wide use of the method. Probably developing an enzyme immu-
noassay is the most rational approach to screen a large number of individual fish. Owing to the
extremely limited availability of CTX for preparation of protein-conjugated antigen, an antibody
cross reacting with CTX was prepared by immunizing mice with an okadaic acid—protein conju-
gate. By using the antibody, an enzyme immunoassay method was proposed (31). Validity of
the method is reportedly being tested.

Figure 3 Structures of maitotoxin.
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6 YASUMOTO
IV. PALYTOXIN POISONING

Among fishermen in tropical regions, filefish and triggerfish have been known to cause severe
or even fatal poisoning when the liver was eaten. Palytoxin was identified as the cause in the
two species (32,33). Similarly, the toxin was isolated from three species of coral reef crabs,
Lophozozymus pictor, Demania alcalai (34), and D. reynaudii (35) as the cause of fatal intoxica-
tion. Possibly, those fish and crabs accumulate the toxin by feeding on Palythoa spp., the zoan-
thids from which the toxin was first isolated. More recently, the toxin or its analogue was de-
tected in a tropical sardine, Herklotsicthys quadrimaculatus, which was implicated in a fatal
intoxication (36). The fish and related species occasionally cause severe or fatal intoxication in
various parts of tropical seas, and the poisoning has been distinguished from ciguatera by the
name ‘‘clupeotoxism.”’ As the dinoflagellate Ostreopsis siamensis produces palytoxin and its
analogues (37), the probable source of the toxin in the planktivorous sardines was suggested to
be O. siamensis.

V. SEAFOOD POISONING CAUSED BY MARINE CYANOBACTERIAL
TOXINS

Gracilaria seaweeds are commonly eaten in many parts of the Pacific. Yet, occasional poison-
ing incidents are reported (Table 2). Aplysiatoxin (Figure 4), which had been known as a metabo-
lite of a marine cyanobacterium, Lyngbya majuscula, was isolated from the algal sample in-
volved in intoxication in Hawaii (38). From algal samples collected at the time of another toxic
incident in Guam, polycavernoside A (Figure 4) and its analogues were isolated and their struc-
tures determined (39-41). Although the origin of the polycavernosides have not yet been identi-
fied, their structural resemblance with aplysiatoxin and contamination of the algae by cyanobac-
teria as revealed by microscopic observation were suggestive of a cyanobacterial origin of the
toxins.

Another example of a marine cyanobacterial toxin is the occurrence of lyngbyatoxin-a
(Figure 4) in a turtle implicated in fatal poisoning in Madagascar (42). Lyngbyatoxin-a was
previously isolated as the cause of skin inflamation in swimmers from Lyngbya majuscula. As
this cyanobacterium is frequently seen in sea grass (turtle grass) fields, it is highly likely that
the turtle had accumulated the toxin by eating cyanobacteria-contaminated sea grass. Although
seaweeds and marine turtles may sound unusual and trivial foods, it should be borne in mind
that these cyanobacterial toxins strongly promote tumor formation through activating protein
kinase C (43). The possibility of their accumulation in herbivorous fish should be explored.

Table 2 Gracilaria Poisoning Incidents

Year Location Death/Patients Toxin

1980 Yamagata, Japan 1/4 Unknown

1981 Ehime, Japan 1/4 Unknown

1991 Guam 3/13 Polycavernoside
1992 California 0/3 Unknown

1993 Kanagawa, Japan 172 Unknown

1994 Hawaii 0/6 Aplysiatoxin
1996 Guam 0/1 Polycavernoside
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Aplysiatoxin

Lyngbyatoxin A

Figure 4 Cyanobacterial toxins implicated in seafood poisoning.

VI. DIARRHETIC SHELLFISH POISONING
A. History and Etiology

In the summer of 1987, a series of food poisonings occurred in the northeastern part of Japan
after ingestion of mussels (44). Laboratory examination revealed no pathogenic bacteria, but a
lipid toxin lethal to mice by i.p. was found. The toxin concentration was highest in the hepatopan-
creas but was insignificant in other tissues. Gastrointestinal disturbances such as diarrhea (92%),
nausea (80%), vomiting (79%), and abdominal pain (52%) were the major complaints from the
patients. The onset time of symptoms from consumption of shellfish ranged from 30 min to 7
h, and patients recovered within 3 days. The illness was named diarrhetic shellfish poisoning
(DSP) (45). Although no official record existed, people must have been aware of the poisoning
for a long time, as a widely known legend in the region warned that mussels might become
toxic during the season of paulownia flowers (June). During the following years, DSP incidents
increased both geographically and in frequency. The occurrence of DSP in Europe was first
reported in the Netherlands almost at the same time as that in Japan, and the toxic agent was
identified as okadaic acid (46).

Microscopic examination of the gut contents of mussels and scallops revealed the presence
of many cells of the dinoflagellate Dinophysis fortii in toxic shellfish but not in nontoxic ones.
Plankton was collected by towing nets and fractionated with sieves of different mesh sizes. The
fraction containing D. fortii was the most (50—100 wm) toxic to mice. Furthermore, good correla-
tion was observed between the number of D. fortii cells and mouse toxicity. Based on these
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results, D. fortii was assigned as the source of the DSP toxins (47). Because none of Dinophysis
species is cultivable in laboratories, it was necessary to apply a sensitive as well as specific
analytical method to verify the toxigenicity of these organisms. Various species of Dinophysis
were collected under the microscope by manipulating a capillary, and the homogeneous Dino-
physis samples thus obtained were analyzed by a fluorometric HPLC method. DSP toxins (oka-
daic acid or dinophysistoxin-1 or both) were confirmed in D. fortii, D. acuta, D. norvegica, D.
acuminata, D. mitra, D. rotundata, and D. tripos, giving solid evidence that these species are the
sources of the toxins (48). Remarkably, toxin concentration in shellfish reached an intoxication
level withaslow D. fortii population density as 200 cells per liter in the sea. A benthic dinoflagellate,
Prorocentrum lima, also produces the same toxins (49) and can be found in shellfish farming areas;
involvement of this benthic species in toxicification of shellfish has not been confirmed.

B. Toxin Structures

The toxin first detected in the hepatopancreas of toxic mussels was named dinophysistoxin-1
(DTX1) after its biogenetic origin. Subsequent purification and spectrochemical analyses re-
vealed that DTX1 is a methyl derivative of okadaic acid (OA) which had been isolated first
from a sponge, Halichondria okadai (50), and then from P. lima (49). DTX2 is a regio isomer
of OA later isolated from Irish mussels and is produced by D. acuta (51,52). DTX3 refers to
a group of homologues in which 7-OH in DTX1 is esterified with different kinds of a fatty acid
(7-0-acyl-DTX1) (53). The most common fatty acid in DTX3 is palmitic acid. As DTX3 is
absent in plankton samples, acylation of 7-OH in DTX1 should occur in shellfish. Structurally
related 7-O-acyl-OA is often included in DTX3 for convenience. Structures of the OA class
toxins are shown in Figure 5.

The second group of toxins was named pectenotoxins (PTXs) (Figure 6) after the genus of
the scallop Patinopecten yessoensis (53). Structurally, PTXs resemble OA in molecular weight
and in having cyclic ethers and a carboxyl group in the molecule. Unlike in OA, however, the
carboxyl moiety in PTX is in a form of macrocyclic lactone (macrolide). PTX2 is produced by D.
fortii, and a methyl group at C43 is oxidized in shellfish to alcohol (PTX1), then to aldehyde
(PTX3), and finally to carboxyl acid (PTX6). Furthermore, the spiroketal ring system composed
of therings A and B easily undergoes rearrangement and/or epimerization under an acidic condition
to produce PTX4 and PTX7 through PTX10 (54). Interestingly, the lactone ring in PTX2 is opened
to give a PTX2—seco acid in D. acuta (seco means a bond cleavage in a ring structure) (55).
Analogous with PTX2, epimerization and rearrangement of the rings A and B yield seco acid
isomers (Figure 6). PTX2—seco acid showed no significant toxicity against KB cells.

OH Me Ry

okadaic acid {QA) 1 R4=H, R;=Me, R4=H
dinophysisitoxin1 (DTX1) : Ry=H, Rz=Me, R3=Me
dinophysisitoxin2 (DTX2)  R¢=H, R>=H, Rz=Me
dinophysisitoxin3 (DTX3} : Ry=acyl, Ry=Me, Ry=Me

Figure 5 Structures of toxins in the okadaic acid class.
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Figure 6 Structures of pectenotoxins (PTXs) and PTX2-seco acids (PTX2SA).

C. Biological Properties of Toxins

OA was first found as a cytotoxic agent by two research groups searching for antitumor drugs
(50). Thus, the OA class toxins are toxic to eukaryotic cells but not to the prokaryotics (56). The
toxins are diarrhetic (57,58) and tumorigenic (59). The mouse lethality by oral administration is
nearly the same as that by i.p. (60). The mechanism of action underlying these activities is
explained mainly by their potent inhibitory action against protein phosphatase 2A, 1, and 2B
(61). DTX3 does not inhibit the enzyme (62) but is easily hydrolyzed to DTX1 by digestive
enzymes such as lipase. The inhibitory effect of OA derivatives on protein phosphatase 2A have
been studied in detail (62,63).

Oral administration of PTX2 (250 ~ 1000 pg/kg) to mice caused severe mucosal injuries
and fluid accumulation in the small intestine and diarrhea, indicating that it also took part in
inducing the DSP symptoms (64). Severe damage to the liver was also observed. When adminis-
tered by i.p. injection, histopathological changes were prominent in the liver but not in the
digestive tract (58,65). PTXs have a potent cytotoxicity (57,66,67) and probably inhibit actin
polymerization (68).

D. Determination Methods

The worldwide occurrence of DSP toxins was monitored by mouse bioassays. In order to avoid
the use of mice and improve sensitivity and specificity, development of alternative methods is
desired. Carboxylic acid toxins easily produce fluorescent esters by reaction with 9-anthryldiazo-
methane and thereby can be determined with high sensitivity and accuracy (69). Depending on
the availability of fluorescent reagents and analytical columns, many modifications of the method
evolved. The absence of a carboxylic acid group in PTXs, except for PTX6, make it difficult to
attach a fluorophore. Attempts are being made to determine PTXs after conjugating a fluorigenic
reagent with the conjugated double bond in PTX molecules. Liquid chromatography using a mass
spectrometer as a detector (LC/MS) offers the best solution to determine all the toxins. Sample
preparations are simple and the sensitivities are high (70,71). The obstacle in the wide use of the
method is the high price of the instrument and the limited availability of reference toxins.
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As toxins in the OA class, except for DTX3, strongly inhibit protein phosphatase 2A,
enzyme inhibition assays were developed by using either ultraviolet (UV)—absorbing (72) or
fluorescent substrates (73). DTX3 has to be hydrolyzed to be detected by these methods. Anti-
bodies to detect OA and DTX1, but not DTX3, were prepared and enzyme-linked immunosor-
bent assay (ELISA) kits were commercialized (74,75). Reportedly, an antibody suitable for
detecting OA, DTX1, and DTX3 was developed (76), but the product is not on the market yet.

VIl. TOXINS FOUND IN ASSOCIATION WITH DSP

The low specificity of the mouse bioassay for DSP is a drawback on the one hand but, on the
other hand, can be regarded as advantageous, because it detects all kinds of toxins that are
soluble in organic solvents. Such toxins are briefly described.

A ladder-shaped polycyclic ether toxin was isolated from the hepatopancreas of the scallop
Patinopecten yessoensis and named yessotoxin (YTX) (77). Because of its frequent coexistence
with DTXs and PTXs, YTX was tentatively included in the DSP category. However, YTX does
not cause diarrhea and is less toxic by oral administration than OAs and PTXs (60). YTX also
differs from DSP toxins in etiology. YTX is produced by Protoceratium reticulatum (78) and
its analogue, homoYTX, by Lingulodinium polyedrum (79). Both toxins are oxidized to 45-
hydroxy derivatives by shellfish. Structures of YTX and its analogues are shown in Figure 7
(80—82). A recently accepted view regarding YTXSs is that they should no longer be included
in the category of DSP.

In November 1995, at least eight people in the Netherlands became ill after eating mussels
produced in Ireland. Although human symptoms were reminiscent of those of DSP, contamina-
tion of DSP toxins was very low. The major toxin has many unique structural features and is
named azaspiracid because of its unusual azaspiro ring assemblies (Figure 8) (83). Similar poi-
soning incidents were reported in the following years, and the authors’ group proposed the name
azaspiracid poisoning (AZP). Because of the probable salt formation between the positively
charged amino group and the negatively charged carboxyl group, the reactivity of the two func-
tional groups is low, making it difficult to introduce a fluorescent group. Determination by LC/
MS is being developed for azaspiroacid and its analogues.

R ]
yessotoxin {YTX) \:ﬁ:? 1
45-hydroxyYTX N
OH
45, 48, 47-trinorYTX H 1
homoYTX \ﬁﬁ/\:? 9

45-hydroxyhomoYTX \'/§\\ 2
OH

Figure 7 Structures of yessotoxins (YTXs).
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Brevetoxin B3 R=CH3(CH2}1200, CHa[Cth,‘CO

Figure 9 Structures of the brevetoxins isolated from bivalve shellfish.
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OH
Spirolide B Pinnatoxin A

Figure 10 Cyclic imine toxins isolated from shellfish.

Neurotoxic shellfish poisoning (NSP) is also monitored by mouse bioassays. Structures
of toxins isolated from shellfish revealed that the toxins produced by the dinoflagellate Gymnodi-
nium breve were biochemically modified when accumulated in shellfish (Figure 9) (84—-86).

Three toxins characterized by a cyclic imine structure were isolated from shellfish (Figure
10). Gymnodimine was confirmed to be produced by Gymnodinium sp (87,88). The origins of
the other two toxins, spirolides (89) and pinnatoxin (90,91), are not known. Involvement of
these imine toxins in human intoxication has not yet been confirmed.

Table 3 Marine Dinoflagellate Toxins Containing No Nitrogen Atom

Toxin Formula MW  LDS50 (ug/kg)* Origin
Okadaic acid CuHgO 3 804 200 Dinophysis spp.
Dinophysistoxin 1 C4;sH»4O3 818 160 Dinophysis spp.
Dinophysistoxin 2 CuHgO 5 804 — Dinophysis spp.
Dinophysistoxin 3 CeH 00O 4 1056 250 Dinophysis spp.
Pectenotoxin 1 C;HxO s 874 250 Dinophysis fortii
Pectenotoxin 2 C;H700 4 858 230 Dinophysis fortii
Pectenotoxin 6 C;HgOo 888 500 Dinophysis fortii 3
Yessotoxin CssHg,O,,S,Na, 1186 100 Protoceratium reticulatum §
Brevetoxin B® Cs0H7 Oy 894 60 (rat) Gymnodinium breve =
42-Dihydrobrevetoxin B*  CsgH7,04 896 — Gymnodinium breve §n
(=PbTx-3) 2
Brevetoxin B3 CeH 005 1164 >300 Gymnodinium breve g
Ciguatoxin CeHgsO19 1110 0.35 Gambierdiscus toxicus E
Maitotoxin CiesHy5606sS,Na, 3422 0.05 Gambierdiscus toxicus %
Aplysiatoxin C3;HyBrOy, 668 250 Lyngbya majuscula %
Polycavernoside A C;HgOos 824 200-400 Cyanobacterium suspected §
*Determined by i.p. injection into mice. 2
*Not found in shellfish. 2
&
o]
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Table 4 Nitrogen-Containing Marine Microalgal Toxins

Toxin Formula MW LD50 (ug/kg)* Origin
Saxitoxin C,0H5N,0, 299 10 Alexandrium spp.
Gymnodimine Cy,H;sNO, 507 450 Gymnodinium sp.
Pinnatoxin A C,Hg NO, 711 180 Unknown

Spirolide B C,HgNO;, 693 200 Unknown
Azaspiracid CyH;NO,, 841 150 Unknown
Brevetoxin Bl C5,H,,NO;SNa 1039 50 Gymnodinium breve
Brevetoxin B2 Cs3sHoNO ;S 1033 300 Gymnodinium breve
Palytoxin Ci0H,3N;05, 2677 0.5 Ostreopsis siamensis
Prymnesin 2 CosH 3sC1;NO3;5 1967 80 Prymnesium parvum
Lyngbyatoxin-a CysH,N,0O, 436 — Lyngbya majuscula

“Determined by i.p. injection into mice.

Vill. SUMMARY OF MARINE TOXINS

For the convenience of the readers, the representative seafood toxins are listed in Tables 2
and 3 for their molecular formulae, molecular weights, mouse lethalities by i.p. injection, and
biogenetic origins. It should be borne in mind that many of the toxins listed in the Tables 3
and 4 are the metabolically modified products of the precursor toxins produced by the microor-
ganisms.
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Toxins
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Service, Charleston, South Carolina

. INTRODUCTION

Microalgae are primary producers that make up the base of both marine and freshwater food
webs. Many microalgae also produce novel compounds that exhibit potent biological activities.
These are generally considered to be secondary metabolites, that is, compounds which are not
essential to the basic metabolism and growth of the organism, and which are present in restricted
taxonomic groups. The biosynthesis of secondary metabolites is common in bacteria, as well
as in eukaryotic microbes and plants. The roles played by secondary metabolites in the life
history of the producing organism are much debated. Many are considered to be chemical de-
fenses, which confer a competitive advantage over other microbes or discourage predation by
higher trophic level organisms. Others may serve roles in chemical signaling, and yet others
have been proposed to be evolutionary relics. The elaborate biosynthetic pathways required to
synthesize these compounds, and the observation that genes involved in biosynthesis of a given
secondary metabolite are often clustered within the genome, are consistent with the notion that
these metabolites serve a specific function for the organism.

Among the many algal secondary metabolites that have been identified, a number are
potent toxins responsible for a wide array of human illnesses, marine mammal and bird morbidity
and mortality, and extensive fish kills. Toxins of human health significance originate primarily
from three classes of unicellular algae: dinoflagellates, diatoms, and cyanobacteria. Dinoflagel-
lates are responsible for the widest array of toxins. However, of the several thousand species
of dinoflagellates known, only a few dozen species appear to be toxigenic. Among the diatoms,
a single genus, Pseudo-nitzschia, produces a toxin impacting human health. In contrast, among
the cyanobacteria, selected species and certain isolated strains of all common planktonic cyano-
bacterial genera have been identified to produce toxins.

Algal toxins are structurally and functionally diverse, and many are derived from unique
biosynthetic pathways. Dinoflagellates, for example, synthesize a variety of polyether toxins,
which fall into two structural groups: linear (okadaic acid family and macrocycles) or fused
(ladder-like). Dinoflagellate polyethers are synthesized via a novel polyketide synthase pathway
which, like other polyketide synthases, builds the compound by the sequential addition of ace-
tates, but also utilizes two glycolates as substrates—a novel mechanism not previously observed
(1). Within the dinoflagellates the expression of polyethers does not correlate directly with phylo-
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genetic groupings (2), leaving their origins and purpose open to speculation. Other toxins are
clearly polyphyletic in origin or may be derived from lateral gene transfer. For example, the
heterocyclic guanidine saxitoxins are produced by certain species of marine gonyaulacoid dino-
flagellates, but are also produced by freshwater cyanobacteria. However, in both the dinoflagel-
lates and the cyanobacteria, isolated strains within known toxin-producing species may be non-
toxic. It is not yet clear whether the toxin-producing genes are absent from these strains or if
toxin expression is environmentally regulated.

Algal toxins that impact human health may be functionally categorized as neurotoxins or
hepatotoxins. Neurotoxicity of algal toxins is mediated by diverse, highly specific interactions
with ion channels involved in neurotransmission. Such specificity may reflect their role in anti-
predation; alternatively, it may suggest the presence of conserved structures on primitive targets
present in eukaryotic microbes, or it may support the hypothesis of primitive regulatory roles
for these compounds. Okadaic acid and microcystins are examples of structurally unrelated
compounds which are elaborated by phylogenetically unrelated groups of dinoflagellates (oka-
daic acid) and cyanobacteria (microcystins) to inhibit a common target, ser/thr protein phospha-
tases.

Dinoflagellate and diatom toxins impact human health primarily through the consumption
of seafood. Filter-feeding shellfish, zooplankton, and herbivorous fishes serve as vectors either
directly (shellfish) or through further food web transfer of sequestered toxin to higher trophic
levels. Five major human seafood poisoning syndromes result: paralytic shellfish poisoning
(PSP), neurotoxic shellfish poisoning (NSP), amnesic shellfish poisoning (ASP), diarrhetic shell-
fish poisoning (DSP), and ciguatera fish poisoning (CFP). Cyanobacterial toxins primarily im-
pact human health directly through drinking water contamination and result in either neurotoxic-
ity or hepatotoxicity. This chapter provides an overview of the diversity of algal toxins that
impact human health, their mechanisms of action, causative organisms, and the geographical
distribution of human outbreaks due to these toxin classes. Each of these topics will be consid-
ered in further detail in later chapters in this book.

Il. PARALYTIC SHELLFISH TOXINS

Paralytic shellfish poisoning (PSP) is the most widespread algae-derived shellfish poisoning on a
worldwide basis (Figure 1). The toxins responsible for PSP are a suite of heterocyclic guanidines
collectively called saxitoxins (Figure 2), of which there are currently over 21 known congeners.
The crystal structure of the parent compound, saxitoxin, was first described by Schantz et al.
(3). The structures of saxitoxin congeners vary by differing combinations of hydroxyl and sulfate
substitutions at four sites on the molecule (R1-4). Based on substitutions at R4, the saxitoxins
can be subdivided into four groups, the carbamate toxins, sulfocarbamoyl toxins, decarbamoyl,
and deoxydecarbamoyl toxins. Substitutions at R4 result in substantial changes in toxicity, with
the carbamate toxins being the most potent (892—-2483 mouse units [MU]/umol), the decarba-
moyl toxins being intermediate in potency (1274—1872 MU/umol), and the sulfo—carbamoyl
toxins generally being the least potent (15-239 MU/umol) (4).

Paralytic shellfish toxins are produced by a number of genera of gonyaulacoid or gymnodi-
nioid dinoflagellates, including Alexandrium, Gymnodinium, and Pyrodinium, and they have
also been found in freshwater cyanobacteria (considered later in this chapter). Several studies
suggest that saxitoxins can be produced autonomously by bacteria isolated from cultures of
PSP-producing dinoflagellates (5—7), although chemical identity of the toxic activity present in
these bacteria has not been unambiguously confirmed. In addition, endosymbiotic or cell associ-
ated bacteria may play a role in the production of paralytic shellfish toxins by dinoflagellates
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Figure 1 Worldwide incidence of paralytic shellfish poisoning.

(for review, see ref. 8). Paralytic shellfish toxins are produced in varying proportions by different
dinoflagellate species and even by different isolates within a species. All congeners are not
found in any one species. Metabolic pathways responsible for saxitoxin (STX) biosynthesis have
been identified by radio tracer studies (4), which indicate that positions 1-12 of the STX mole-
cule (Figure 2) are formed by the condensation of acetate and arginine. The most prevalent
congeners in dinoflagellates, on a molar basis, are the sulfocarbamoyl derivatives. This is of
particular interest, because the occurrence of N-sulfated groups is rare among natural products
(9), and it may represent another novel dinoflagellate biosynthetic mechanism. N-sulfotransfer-
ase and N-oxidase activities have been identified in STX-producing dinoflagellates (10).

The toxin composition in bivalve tissues can differ markedly from that found in the dino-
flagellates ingested. The capacity to metabolize PSP toxins varies substantially between shellfish
species (for review, see ref. 11). In most shellfish, PSP toxins with a hydroxysulfate at the C11
position undergo epimerization from the B-epimers (GTX3,4 and C2,4) to the o-epimers
(GTX1,2 and C1,2) (9). Of public health significance, the N-sulfocarbamoyl derivatives, which
account for the majority of toxin in some dinoflagellates, may be metabolically converted to
the more potent decarbamoyl congeners when metabolized in some shellfish species.

The role toxicity plays in the life history of the dinoflagellate species which produce them
is not clear. It has been suggested that saxitoxins may play a role in nitrogen metabolism, since
some strains accumulate toxin up to 60 pg/cell, or about 0.2% of total wet weight. However,
the occurrence of healthy nontoxic strains would suggest that the saxitoxins are secondary me-
tabolites which are not essential for dinoflagellate growth (12).

Saxitoxin binds with high affinity (K, ~ 2 nM) to site 1 on the voltage-dependent sodium
channel, inhibiting channel opening. The binding affinity of saxitoxin congeners to site 1 varies
proportionally with their toxicity in mice (13). The voltage-dependent sodium channel plays a
critical role in neurotransmission at both the neuronal synapses and neuromuscular junctions.
The polarity of the STX molecule largely excludes it from traversing the blood-brain barrier;
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Figure 2 Structures and relative toxicity of the paralytic shellfish toxins. Toxicity values in mouse units

(MU), where 1 MU unit is the amount of toxin required to kill a mouse in 20 min.
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therefore, the primary site of STX action in humans is most likely at the neuromuscular junction.
This is consistent with the rapid onset (less than 1 h) of symptoms which are classic for paralytic
shellfish poisoning, including tingling and numbness of the perioral area and extremities, loss
of motor control, drowsiness, incoherence, and, in the case of high doses, respiratory paralysis.
The lethal dose in humans is 1-4 mg STX equivalents (14). Clinical symptoms of PSP in humans
occurs when approximately 2000 MU (0.72 mg) is ingested, and serious cases generally involve
ingestion of 5000-20,000 MU toxin (0.9-3.6 mg) (15). In a study of clinical samples from a
PSP outbreak in Alaska in 1994 (16), the clearance of saxitoxins from the blood in humans was
found to be less than 24 h, even in patients who had experienced respiratory paralysis and were
maintained on life support. Clearance was largely via the urine.

There is currently no widely available antidote for PSP. Anti-STX monoclonal antibodies
tested in vitro and in situ show some protection against STX binding and STX-induced reduction
of peripheral nerve action potential in rat tibial nerve, suggesting that antibodies may potentially
provide useful reagents for protection against toxicity in vivo (17,18). In addition, the potassium
channel blocker 4-aminopurine has recently been shown significantly to reverse the effects of
STX toxicosis in rats, suggesting that it may be useful as an antidote for PSP (19).

lll. NEUROTOXIC SHELLFISH TOXINS

The occurrence of neurotoxic shellfish poisoning (NSP) has historically been limited to the west
coast of Florida (Figure 3), where blooms of the dinoflagellate Gymnodinium breve initiate
offshore and are subsequently carried inshore by wind and current conditions (20). Gulf of
Mexico G. breve blooms are occasionally carried around the base of Florida by the Loop Current

Ragy,

&

Figure 3 Worldwide incidence of neurotoxic shellfish poisoning.
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and northward by the Gulf Stream, resulting in red tides on the east coast of Florida and, in a
single incident in 1987, as far north as North Carolina (21). In 1993, an unprecedented outbreak
of shellfish toxicity in New Zealand resulted in the identification of additional Gymnodinium
species (referred to as Gymnodinium cf. breve) which produce NSP-like toxins, (22). Recently,
other fish-killing flagellate species, Chatonella marina, C. antiqua, Fibrocapsa japonica, and
Heterosigma akashiwo, have also been reported to produce this class of polyether toxins (23—
25).

The toxins responsible for NSP are a suite of ladder-like polycyclic ether toxins collec-
tively called brevetoxins (PbTx, for Ptychodiscus brevis, more recently restored to its earlier
taxonomic designation, Gymnodinium breve) (Figure 4). Brevetoxin congeners fall into two
types based on backbone structure, the brevetoxin B backbone (type 1) and brevetoxin A back-
bone (type 2). The type 1 congeners are the most abundant in nature, with PbTx-2 and PbTx-
3 being the most prevelant in G. breve. Although the ring systems in the middle of the molecules
differ somewhat, type 1 and type 2 toxins share a lactone in the A ring (‘*head’’) and a conserved
structure on the ‘‘tail’’ ring, both of which are required for their toxicity (26). Type 2 congeners
are more flexible (38 rotatable bonds) than those with the type 1 backbone (31 rotatable bonds),
which may play a role in their generally greater potency (27).

Brevetoxins bind with high affinity (K4 1-50 nM) to site 5 on the voltage-dependent
sodium channel (28). Binding to this site both alters the voltage sensitivity of the channel,
resulting in inappropriate opening of the channel under conditions in which it is normally closed,
and inhibits channel inactivation, resulting in persistent activation or prolonged channel opening.
The toxic potency of brevetoxin congeners correlates well with their relative binding to the
sodium channel (29). Backbone flexibility may determine the relative ease with which the toxin
can intercalate between transmembrane domains of the sodium channel to interact with both
the voltage sensor, near the ‘‘outside’’ of the channel and the inactivation gate on the intracellular
side (30). The symptoms of NSP include nausea, tingling and numbness of the perioral area,
loss of motor control, and severe muscular ache. Unlike PSP, NSP has not been known to be
a fatal intoxication, with symptoms generally resolving within a few days. Like PSP, there is
presently no antidote for NSP.

Unlike most other dinoflagellates responsible for seafood poisonings, G. breve is an unar-
mored dinoflagellate, which is easily lysed in turbulent water. G. breve red tides are frequently
associated with massive fish kills. The extreme sensivity of fish to the Florida red tide may
result from lysis of cells passing through the gills. One route of human intoxication results from
the consumption of shellfish that have accumulated brevetoxins by filter feeding. Recent studies
in the greenshell mussel demonstrate that brevetoxins can be metabolized by shellfish to yield
novel derivatives (31).

An additional route of human exposure to brevetoxins is through respiration of aerosolized
toxin, which is the result of cells breaking as a result of wave action. A common symptom
associated with exposure to aerosolized brevetoxin is irritation and burning of the throat and
upper respiratory tract. In 1996, at least 149 manatees died during an unprecedented epozootic
in Florida concurrent with a persistent red tide. Immunohistochemical staining of tissues from
affected animals revealed brevetoxin immunoreactivity in lymphocytes and macrophages associ-
ated with inflammatory lesions of the respiratory tract and lymphoid tissues (32). Molecular
modeling studies have implicated brevetoxin as an inhibitor of a class of lysosomal proteases,
the cysteine cathepsins, which are important in antigen presentation (33). The demonstration
of brevetoxin immunoreactivity in lymphoid tissue of the manatees raises the possibility of
immunosuppression as a second mode by which brevetoxin exposure may affect human health,
particularly in individuals with chronic exposure to aerosolized toxin during prolonged red tide
incidents.
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Figure 4 Structure of brevetoxins.

IV. CIGUATERA TOXINS

Another seafood intoxication caused by ladder-like polyether toxins is ciguatera fish poisoning.
Ciguatera occurs circumglobally in tropical coral reef regions (Figure 5) and results from the
consumption of fish which have accumulated toxins through the food web. It is estimated to
affect over 50,000 people annually, and it is no longer a disease limited to the tropics owing
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Figure 5 Worldwide distribution of ciguatera fish poisoning.

both to travel to the tropics and to shipping of tropical fish species to markets elsewhere in the
world (34). Large carnivorous fishes associated with coral reefs are the most frequent source
of ciguatera. Baracuda, snapper, grouper, jacks, and moray eel are particularly notorious for their
potential to carry high toxin loads. However, smaller herbivorous fishes may also be ciguatoxic,
particularly when viscera are consumed. The symptoms of ciguatera vary somewhat geographi-
cally, as well as between individuals and incidents, and may also vary temporally within an
area, but generally include early-onset (2—6 h) gastrointestinal disturbance, including nausea,
vomitting, and diarrhea, and may be followed by a variety of later onset (18 h) neurological
sequelae, including numbness of the perioral area and extremities, reversal of temperature sensa-
tion, muscle and joint aches, headache, itching, tachycardia, hypertension, blurred vision, and
paralysis. Ciguatera on rare occasions can be fatal. Ciguatera symptoms in the Caribbean differ
somewhat from those in the Pacific in that gastrointestinal symptoms dominate, whereas in the
Pacific neurological symptoms tend to dominate. This may reflect geographical differences in
the toxins involved (35).

The origin of ciguatera toxins has been identified as the benthic coral reef—associated
dinoflagellate Gambierdiscus toxicus (36), which grows as an epiphyte on filamentous macroal-
gae associated with coral reefs and reef lagoons. Its toxins enter the food web when these algae
are grazed upon by herbivorous fishes and probably also invertebrates. G. foxicus produces two
classes of polyether toxins, the ciguatoxins (CTXs) and maitotoxins (MTXs). The CTXs are
lipophilic and are accumulated in fish through food web transfer. More than 20 CTX congeners
have been isolated (37); however, only a few have been fully characterized structurally. Three
classes of CTXs are currently recognized based on polyether backbone structure (Figure 6). The
first CTX to be purified (38) and structurally elucidated (39) is now known as CTX-1, CTXIB,
or P-CTX-1 (for Pacific CTX-1). CTX-1 is the parent compound for the type 1 CTX group,
which possess 60 carbons in 13 fused ether rings. CTX-1 is believed to be responsible for 90%
of the toxicity associated with most of the Pacific intoxications. Pacific CTX-2 and CTX-3 are
also type 1 toxins found in fish flesh (40). The toxins found in fish flesh are more highly oxygen-

MaRcEL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

) 7



Type 1

Diversity of Marine and Freshwater Toxins

27

Source Type R1 R2
CTX- fish 1 HOCH,CHOH- OH
CTX-2 fish 1 HOCH,CHOH- H
CTX-3 fish 1 HOCH,CHCH- H
CTX-4A dino. 1 CH, = CH- H
CTX-48 fishdino. 1 CH, = CH- H
CTX-2A1 fish 2 OH OH
CTX-3C  dino. 2 H H
C-CTX-1 fish 3 - -

Figure 6 Structures of the ciguatera toxins in fish flesh and their putative dinoflagellate precursors. CTX-
2 and -3 and CTX-4A and -4B are epimeric pairs around the C52 spiroketal.
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GH

Figure 7 Structure of MTX-1.

ated than the congeners isolated from G. toxicus, suggesting that they are metabolites of the
dinoflagellate toxins of the same backbone structure. CTX-1, CTX-2, and CTX-3 may all be
derived from dinoflagllate precursors, CTX-4A and CTX4B (41). Type 2 CTX congeners pos-
sess 57 carbons in 13 fused ether rings, lack the C1-C4 side chain present in type 1, and have
an eight- rather than a seven-membered ring E. Like the type 1 CTX toxins, there is evidence
that CTX2A1, a congener present in fish, represents an oxygenated metabolite of a dinoflagellate
precursor, CTX3C (42). Several Caribbean CTX (C-CTX) congeners have been isolated chro-
matographically, of which C-CTX-1, the most abundant, is the first to be fully structurally char-
acterized (43). C-CTX-1 represents a third class of ciguatoxin that lacks the spiroketal at C52,
which is replaced by an additional fused six-membered cyclic ether.

The CTXs are structurally related to the brevetoxins and compete with brevetoxin for
binding bind to site 5 on the voltage-dependent sodium channel with a high affinity (K4 ~ 0.04—
4 nM) (44). The LD50 (i.p.) in mice for CTX-1 is 0.25 pg/kg (37), whereas the potency of the
Caribbean toxin C-CTX-1 is 10- fold lower (LD50 3.6 ug/g) (35). Various estimates of human
toxic potency have been made. A concentration of >0.1 ppb of P-CTX-1 is estimated to be
toxic to humans compared to >1.0 ppb C-CTX-1. In a study of fish implicated in ciguatera
cases in French Polynesia, a minimum toxicity level to humans was estimated at 0.5 ng/g (37).
Among the CTX congeners, binding affinity correlates well with toxic potency (i.p.) in mice.
However, the toxic potency of CTX in mice is several orders of magnitude greater than that of
the brevetoxins relative to their binding affinities at the sodium channel (e.g., for CTX1 and
PbTx3, LD50 = 0.25 pg/kg vs >200 pg/kg, whereas Ky = 0.04 nM vs 2 nM, respectively).
This may be related to differences in the bioavailability of the toxins or to undefined toxic
effects of ciguatoxin.

The maitotoxins (Figure 7), like CTX or PbTx, are transfused ladder-like polyether toxins,
but they are somewhat more polar owing to the presence of multiple sulfate groups. MTX was
originally identified as a water-soluble toxin in the viscera of surgeonfishes (45), and it was
later found to be the principal toxin produced by Gambierdiscus toxicus. The structure of MTX
was first elucidated by Murata et al. (46), with complete stereochemistry resolved by Zheng et
al. (47). Three MTX congeners have been identified in Pacific isolates of G. toxicus, MTX-1
and MTX-2 (3422 and 3298 D [dalton], respectively) and a smaller compound, MTX-3 (1060
D). MTX-1 from G. toxicus was found to be identical to the original MTX isolated from sur-
geonfish. The structure of MTX-2 has not been fully determined, but it appears to possess only
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one sulfate ester compared to two in MTX-1. MTX-3 possesses two sulfate esters (48). MTX
isolated from Caribbean G. toxicus clones has not been fully characterized structurally. MTXs
have not been demonstrated to bioaccumulate in fish tissues, possibly owing to their more polar
structure. Thus, if MTX is involved in ciguatera poisoning, it may be implicated only in ciguatera
poisonings derived from herbivorous fishes. Early hypotheses that MTX may be a metabolic
precursor to CTX have not proven to be true (49).

The toxic potency of MTX exceeds that of CTX (LD50 0.05 pg/kg i.p. in mice). Its mode
of action has not been fully elucidated. Its biological activity is strictly calcium dependent and
causes both membrane depolarization and calcium influx in many different cell types. It was
originally believed to be an activator of voltage-dependent calcium channels (for review, see
ref. 50). However, voltage-dependent calcium channel antagonists can block MTX-stimulated
calcium influx but not MTX-induced membrane depolarization (51). Therefore, it appears that
MTX-induced activation of voltage-dependent calcium channels is a secondary effect of mem-
brane depolarization. Despite numerous studies, the primary target of MTX has not yet been
fully elucidated, although nonselective cation channels (52,53), and calcium-activated chloride
channels (54,55) have received recent attention. Calcium release—activated calcium (CRAC)
channels, another proposed target, do not appear to be involved based on the failure of
CRAC channel antagonists to inhibit MTX activity (56). Removal of the sulfate esters causes
a significant drop in toxicity (57). MTX-induced calcium influx can be inhibited by PbTx and by
MTX fragments, which suggests that both hydrophobic and hydrophilic domains of the molecule
are necessary for target (58).

The definition of ciguatera is complicated by the fact that G. toxicus is, in fact, one member
of an assemblage of benthic dinoflagellates, all of which produce toxins. Unlike the planktonic
dinoflagellates, toxicity in the benthic coral reef dinoflagellate assemblage appears to be quite
common. Among the dinoflagellates which co-occur with G. foxicus are Ostreopsis spp., Proro-
centrum spp., Coolia spp., and Amphidinium spp. Each of these genera produces toxins which
target different pharmacological receptors (Table 1). However, with the exception of toxins
derived from Ostreopsis, the accumulation of most of these toxins in upper trophic levels of
the coral reef community to concentrations which may impact human health has not been con-
firmed, and therefore their contribution to ciguatera remains equivocal. However, Ostreopsis
has been proposed to be the primary dinoflagellate responsible for ciguatera in Puerto Rico
based on seasonal abundance of Ostreopsis versus G. toxicus in Puerto Rican waters (59). Os-
treopsis produces ostreocin, an analogue of palytoxin (Figure 8). Palytoxin has been confirmed
as the causative agent in ciguatera-like poisonings from crab in the Pacific (60), mackerel (61),
triggerfish (62), and sardines (clupeotoxism) (63). Palytoxin is a macrocyclic polyether toxin
characterized by a number of novel features, including: a C115 straight chain incorporating
many functionalities; a terminal primary amine that is important for bioactivity; and an o,f3-
unsaturated amide, two conjugated diene systems, and a hemiketal (64). The complete structure

Table 1 Toxins Produced by Benthic Coral Reef-Associated Dinoflagellates

Species Toxin Pharmacological target

Gambierdiscus toxicus Ciguatoxin Voltage-dependent sodium channel
Maitotoxin (?) calcium dependent

Coolia monotis Coolia toxin Unknown

Ostreopsis spp. Ostreocin Na*/K* ATPase

Prorocentrum spp. Okadaic acid ser/thr Protein phosphatases

Amphidinium spp. Amphidinilides Unknown (antifungal)
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Figure 8 Structure of palytoxin.

of palytoxin was determined by Moore et al. (65). Palytoxin poisoning may be distinguishable
from ciguatera by its severity (high fatality rate) and unusual taste associated with the contami-
nated fish. The LD50 in rodents is 0.01-0.25 pg/kg (66). The pharmacological target of paly-
toxin is Na*/K* ATPase, which pumps Na* and K" across the cell membrane against their
electrochemical gradients, such that three Na* ions are pumped out of the cell and two K* ions
are pumped into the cell for each ATP hydrolyzed. In the presence of palytoxin, the pump is
converted into an open channel that permits K* efflux and influx of monovalent cations (Na*,
NH4", Cs*, Li*) along their electrochemical gradients. The palytoxin-induced pore appears to
reside within the protein, possibly by stabilizing a channel made up of transmembrane segments
of the protein when the pump is in its open state (67—69).

V. DIARRHETIC SHELLFISH TOXINS

The diarrhetic shellfish toxins (DTXs) are a class of acidic polyether toxins produced by dino-
flagellates and responsible for human illness, diarrhetic shellfish poisoning (DSP), associated
with seafood consumption. This toxin class consists of at least eight congeners, including the
parent compound, okadaic acid, which was first isolated from the black sponge, Halichondria
fortii (70) (Figure 10). Okadaic acid, DTX-1, and DTX-2 are the primary congeners involved
in shellfish poisoning, with the other congeners believed to be either precursors or shellfish
metabolites of the active toxins. DSP is widespread in its distribution (Figure 9), with essentially
seasonal occurrences in Europe and Japan. The first incidence of human shellfish-related illness
identified as DSP occurred in Japan in the late 1970’s, where the dinoflagellate Dinophysis fortii
was identified as the causative organism, and the toxin responsible was termed dinophysistoxin
(DTX-1) (71,72). Retrospective analysis of similar disease outbreaks in the Netherlands (73,74)
and Scandanavia (75) confirmed that these were also associated with Dinophysis. The major
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Figure 9 Distribution of diarrhetic shellfish poisoning.

toxins involved in European outbreaks are okadaic acid and DTX-1. However, incidents in
Ireland and Portugal were found to include an additional toxin, DTX-2 (76). The first confirmed
incident of DSP in North America occurred in 1990 in the maritime provinces of Canada (77),
but was associated with the benthic dinoflagellate Prorocentrum lima and two toxins, DTX-1
and okadaic acid. Okadaic acid and related DTX toxins are also produced by a number of other
Prorocentrum species, including P. maculosum, P. concavum, and P. hoffmanianum, but do not
appear to be elaborated by P. micans, P. minimum, or P. mexicanum (78).

The DTXs are inhibitors of ser/thr protein phosphatases. Inhibitory activity against protein
phosphatases is specific for classes PP2A (okadaic acid IC50 ~ 0.5 nM) and PP1 (okadiac acid
IC50 ~ 50 nM), with PP2B being inhibited only at high concentrations (okadiac acid IC50 >10
uM) and PP2C being insensitive. The binding site for okadaic acid resides on the catalytic
subunit of the protein phosphatase, at the active site of the ezyme, as determined by x-ray crystal
structures (79), molecular modeling (80), and mutational analyses (81). Binding to this site
requires the carboxylic acid moiety, which accounts for the inactive state of the diol esters and
DTX-4.

Ser/thr protein phosphatases are critical components of signaling cascades in eukaryotic
cells which regulate a diverse array of cellular processes involved in metabolism, ion balance,
neurotransmission, and cell cycle regulation (82). Diarrhea associated with DSP is most likely
due to the hyperphosphorylation of proteins, including ion channels, in the intestinal epithelia
(83), resulting in impaired water balance and loss of fluids. In addition, okadaic acid—like poly-
ether toxins have been identified as tumor promoters (84,85). The toxic potency of okadaic acid
is much lower than that of the neurotoxin polyethers, with an LD50 of 192 pg/kg (i.p.) in
mice (86).

The biosynthesis of the DTX toxins and the mechanisms by which the dinoflagellate pro-
tects itself from its toxins have received much attention. Okadaic acid is localized to the chloro-
plast (87). Most of the intracellular toxin in P. lima is present in the form of DTX-4 (88), which
has been shown in metabolic labeling studies to be a biosynthetic precursor to okadaic acid
(89). Thus, it is proposed that okadaic acid is released by P. lima as the inactive protoxin, DTX-
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Figure 10 Structures of naturally occurring DSP toxins.

4, which is reduced extracellularly to the diol ester in the medium of P. lima. The diol ester
may then be cleaved at the ester linkage to yield the active toxin, okadaic acid. Windust et al.
(90,91) investigated the allelopathic activity of okadaic acid against other species of microalgae
and found that it could inhibit the growth of diatoms at UM concentrations. However, Sugg and
Van Dolah (92) tested the hypothesis that okadaic acid produced by P. lima confers a competitive
advantage over co-occurring benthic dinoflagellates of the ciguatera assemblage, and found that
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the observed growth inhibition of other dinoflagellates by P. /ima was not attributable to okadaic
acid. Dinoflagellates do possess okadaic acid—sensitive protein phosphatases PP1 and PP2A
(92,93,94), whereas the protein phosphatases in P. lima appear to be insensitive.

Vl. DOMOIC ACID

Amnesic shellfish poisoning (ASP) is the only shellfish poison produced by a diatom and is
currently limited in its distribution to North America (Figure 11). The first recorded occurrence
of ASP was in Prince Edward Island, Canada, in 1987, when approximately 100 people became
ill after consuming contaminated mussels. None of the known shellfish toxins was found to be
involved in the outbreak, but rather the toxic agent was identified as domoic acid (95,96). The
source of domoic acid was found to be the diatom Pseudo-nitzschia multiseries (formerly known
as Nitzschia pungens f. multiseries) (97,98). Domoic acid is a water-soluble tricarboxylic amino
acid of molecular weight 311, which acts an analogue of the neurotransmitter glutamate and is
a potent glutamate receptor agonist. Domoic acid was previously identified in the red alga Chon-
dria armata (99), but it had not previously been linked to human illness, and is related both
structurally and functionally to the excitatory neurotoxin kainic acid isolated from the red mac-
roalga Digenea simplex (100). Seven congeners to domoic acid have been identified (Figure
12). Of these, three geometrical isomers, isodomic acids D, E, and F and the C5’ diasteriomer
are found, in addition to domoic acid, are found in small amounts in both the diatom and in
shellfish tissue (101,102).

The symptoms of ASP include gastrointestinal effects (e.g., nausea, vomiting, diarrhea)
and neurological effects, including dizziness, disorientation, lethargy, seizures, and permanent
loss of short-term memory. Domoic acid binds with high affinity to both kainate (K; ~ 5 nM)

Figure 11 Distribution of ASP.
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Figure 12 Structures of domoic acid and congeners.

and AMPA (K; ~ 9 nM) subtypes of glutamate receptor (103). Persistent activation of the
kainate glutamate receptor results in greatly elevated intracellular Ca®" through cooperative
interactions with NMDA and non-NMDA glutamate receptor subtypes and voltage-dependent
calcium channels (104). Neurotoxicity due to domoic acid results in high intracellular calcium
and subsequent lesions in areas of the brain where glutaminergic pathways are heavily concen-
trated, particularly in the CA1 and CA3 regions of the hippocampus (96), areas responsible for
learning and memory processing. However, memory deficits occur at doses below those causing
structural damage (105). The LD50 (i.p.) for domoic acid in rats is 4 mg/kg; however, the oral
potency is substantially lower (35-70 mg/kg) (106). In the 1987 outbreak, human toxicity oc-
curred at 1-5 mg/kg, suggesting that susceptible individuals are more sensitive than rodents to
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the oral toxicity of domoic acid. Individuals found most susceptible were elderly individuals
and those with impaired renal function resulting in poor toxin clearance. Increased susceptibility
of elderly individuals appears to be due to impaired toxin clearance, as studies in experimental
animals and neonates indicate (107).

Since the 1987 outbreak, domoic acid has been identified as the causative agent in the
mass mortality of pelicans and cormorants in Monterey Bay, California, in 1991 (108,109) and
for the extensive die-off of California sea lions in the same region in 1998 (110). The causative
organism in both the 1991 and 1998 mortality events was identified as another member of the
same diatom genus, Pseudo-nitzschia australis. At least seven species of Pseudo-nitzschia are
now recognized as domoic acid producers, and these toxin-producing Pseudo-nitzschia species
have since been identified in widely diverse geographical areas around the world (for review,
see ref. 111). However, none has been implicated in intoxication events.

As with the other algal toxins discussed in the chapter, the role of domoic acid in the life
history of Pseudo-nitzschia is not clear. The production of domoic acid by Pseudo-nitzschia
correlates with physiological stress, including silicon or phosphorus limitation or nitrogen ex-
cess. This pattern of synthesis is consistent with classic secondary metabolite biosynthesis by
bacteria and other protists and differs from the constitutive pattern observed in the synthesis of
polyether toxins by dinoflagellates (2) and PSP toxins (112). In culture, domoic acid is produced
primarily in stationary phase, which corresponds with the depletion of Si from the medium
(113). The 1987 bloom of Pseudo-nitzschia in Canada was associated with pulses of nitrate
from riverine input or resuspended sediments (111). The biosynthesis of domoic acid involves
the condensation of acetates via two intermediates, a glutamate derivative from the Krebs cycle
and an isoprenoid structure likely derived from geranyl pyrophosphate (114). The precise enzy-
matic pathways responsible for biosynthesis have not been elucidated.

Vil. CYANOBACTERIAL TOXINS

Cyanobacteria produce a wide array of secondary metabolites, a number of which are toxic to
shellfish and aquaculture-reared fish when exposed to the cells or free toxins in water. Blooms
of cyanobacteria result in human and wildlife intoxications due to consumption of or exposure
to contaminated water, essentially on a worldwide basis. Over 40 species of freshwater cyano-
bacteria have been implicated in toxic blooms (115). Cyanobacterial toxins have long been
considered soley a freshwater issue, but the recent identification of mycrocystin in marine waters
(116) and the implication of lyngbyatoxin in a human fatality due to consumption of sea turtle
(117) have added cyanobacteria to the wide array of harmful marine algae. Cyanobacterial toxins
can be categorized into two general groups based on their mode of action, the neurotoxins
and hepatotoxins. Hepatotoxins are the most commonly encountered toxins in cyanobacterial
blooms.

Neurotoxins produced by cyanobacteria include the saxitoxins (STXs) (see Figure 2) and
anatoxins (AnTx) (Figure 13). STX and neoSTX have been identified in Aphanizomenon
flos-aquae in New Hampshire (118). An extensive bloom of Anabaena circinalis in southern
Australia in 1991, which resulted in significant numbers of animal deaths, was found to contain
STXs, most of the gonyautoxins, C1, and C2 toxins (119). Several PSP toxins were found in
Lyngbya wollei from Alabama (120,121), including decarbamoyl STX, dcGTX2, dcGTX3, and
six new STX derivatives (122). No human intoxications from cyanobacterial STXs have been
reported.

AnTx-a, produced by certain strains of Anabaena flos-aquae, Aphanizomenon flos-aquae,
and Oscillatoria, is a potent agonist for the nicotinic acetylcholine receptor, which causes a
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depolarizing neuromuscular block. Toxic symptoms include staggering, gasping, convulsions,
and death due to respiratory paralysis. LD50 (i.p.) in mice is 200 pg/kg. As with many of the
other algal toxins discussed, no antidote is available. AnTx-a(s) (‘‘s’’ for salivation), produced
by certain other strains of Anabaena, is an organophosphate inhibitor of acetylcholinesterase
shown to be responsible for intoxication of domestic animals (123). Toxic symptoms include
hypersalivation, ataxia, diarrhea, tremors, dyspnea, and cyanosis. The LD50 (i.p.) in mice is 20
ng/ke.

The hepatotoxins produced by cyanobacteria include the cyclic peptide toxins, microcys-
tins and nodularins (Figure 14). Microcystins are produced by certain species and certain strains
within these species belonging to the genera Microcystis, Anabaena, Nodularia, Nostoc, and
Oscillatoria. At least 52 microcystin analogues are known (115,124). Nodularin is produced
by certain strains of Nodularia spumigena. Cyclic peptide toxins are synthesized through a
nonribosomal thio template mechanism (125).

Microcystins and nodularins are inhibitors of serine/threonoine protein phosphatases with
highest potency against type 2A (PP2A; IC50 ~ 0.1 nM) and type 1 (PP1; IC50 ~ 0.1-10 nM,
depending on the congener). Both the cyanobacterial cyclic peptide toxins and the dinoflagellate-
derived protein phosphatase inhibitor, okadaic acid, bind to the catalytic subunit of the protein
phosphatases. X-ray crystal structures (79), molecular modeling (80), and mutational analyses
(81) indicate that all three toxin classes bind to the same site. However, unlike the other toxin
classes, the microcystins form covalent adducts with Cys273 in the enzyme subsequent to bind-
ing (126).

HC W CH, HC W o,

Microcystin pr Nodularin f

HN NHz NH,

Figure 14 Cyclic peptide toxins from cyanobacteria.

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INc. E‘P
270 Madison Avenue, New York, New York 10016 0



Diversity of Marine and Freshwater Toxins 37

Unlike okadaic acid and the DTX toxins, the microcystins and nodularins are highly selec-
tive for liver protein phosphatases. Their selective activity is conferred by their membrane imper-
meability to most cell types and their specific uptake in liver cells through the bile acid transport
pathway. Toxicity is mediated by the depolymerization of the actin and microtubule cytoskele-
ton, resulting in intrahepatic hemorrhage within hours and death induced by hypovolemic shock.
Microcystins were found to be the causative agent in an 1996 outbreak in which 26 patients
died of liver failure at a hemodialysis clinic in Caruaru, Brazil, which drew its water form a
contaminated reservoir (127). Microcystin is also implicated in net pen liver disease in pen-
reared salmon (128,129).

Microcystins (130) and nodularins have been demonstrated to be liver tumor promotors
in laboratory animals (131). Epidemiological studies of certain areas in China show a positive
correlation between the presence of microcystin in water supplies and the incidence of human
primary liver cancer (115,132). Thus, both acute and chronic exposure to cyanobacterial hepato-
toxins may be significant human health risks.

Vill. SUMMARY

Algal toxins represent a major source of poisonings due to drinking water contamination and
seafood consumption. Most classes of algal toxins are neurotoxins, whereas others target protein
phosphatases, critical regulators of signal transduction pathways. Most algal toxins of human
health significance are characterized by their high toxic potency and consist of suites of related
congeners. The metabolic conversion, bioaccumulation, and food web transfer of toxins are
incompletely understood in many cases. These characteristics make the analysis of algal toxins
difficult and the determination of human health risk complex.

The diversity of algal toxins with impacts on human health is a reflection of the great
variety of biosynthetic capabilities that have evolved in both prokaryotic and eukaryotic microal-
gae. Those compounds which we regard as ‘‘toxins’’ represent only a small percentage of the
myriad of compounds produced by microalgae, specifically those whose selective interaction
with receptors in mammalian systems results in illness. Most algal toxins may be considered
secondary metabolites, since toxin expression does not appear to be required for basic cellular
metabolism. Toxicity is not a phylogenetically conserved feature among microalgae, since, in
most instances, species closely related to a toxigenic species (based on morphological or molecu-
lar phylogeny) may not be toxic. The selective advantage of toxin production is thus difficult
to establish. Since the genes involved in toxin production have not been identified for any algal
species, it is impossible currently to determine whether the capacity for toxin production is
present, but silenced, in nontoxic varieties. As the molecular biology of microalgae becomes
better understood, these questions will become answerable.
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Nonneurotoxic Toxins

Juan Jesis Gestal-Otero
University of Santiago de Compostela and University Hospital of Santiago de Compostela,
Santiago de Compostela, Spain

. 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 balloonfish 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 Gony-
aulax poliedra.

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 travellers of the
such hazards. According to Halstead (3), it is the first known health quarantine in the North
America.

The first scientific reference to human shellfish poisoning is probably the one in ‘Ephémér-
ides des curieux de la nature’ (1689), quoted in 1851 by Chevalier et al. (4-5). However, the
first written report of an outbreak in British Columbia, occurred in 1793, was reported by Van-
couver in 1801 (6).

In Europe, there are scientific descriptions of paralytic shellfish poisoning (PSP) outbreaks
dating back to 1689 (4-5). It is worth pointing out the Wilhelmshavem case (1885) which
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 discov-
ery that the cause was dinoflagellates and their toxins and to the beginning of in-depth studies.
Halstead (3) compiled all the cases published world wide up to 1965.

All these episodes refer to poisoning by paralyzing toxins. Awareness of the actual toxins
that cause the diarrheic events is more recent. The first known diarrheic poisoning event associ-
ated with toxic-mussel consumption (described at the time as ‘‘mussels that had ingested dino-
flagellates’”) 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
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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 classified 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
occurred in northeastern Japan (12).

In 1976, we treated the first cases of paralytic shellfish poisoning 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 Corufia), we studied episodes
related to mussel consumption. We ruled out microbiological causes and attributed those epi-
sodes 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 a high temperature. This was associated with the consumption of steamed mussels.
Patients recovered in 2 or 3 days. We contacted Dr. M. 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,
affecting around 5000 people all over Spain, mostly in Madrid. Once again, the epidemiological
analysis associated diarrhea with mussels. By then Kat’s (11) and Yasumoto’s (12,14—-15) work
was 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 con-
taminated with the DSP toxin, pointing out that it was a lipophilic toxin and referred to it as
diarrheic shellfish poison (DSP) in later works (15).

Il. EPIDEMIOLOGY OF DSP

Epidemiological studies the frequency and distribution of health problems (descriptive epidemi-
ology) as well as causes and factors influencing its onset (analytical epidemiology). It is also
a necessary tool for identifying health problems and the need for health assessment and interven-
tions (health planning).

Epidemiology is used by health professionals as a means for epidemiological surveying,
causal research, and outbreak investigation, as well as for assessing interventions; all subject
to the main aim of epidemiology, which is prevention. It can be stated that epidemiology is like
the eyes that allow us to see ahead problems at their early stage and thus prevent them.

Epidemiological studies can be descriptive or analytical. The former can establish the
frequency and distribution of health problems in the community and produce ethiological
hypotheses, whereas analytical and experimental studies can check such hypotheses.

Depending on the variables of range, people, time, and place, the description of a health
problem in the community allows us to assess its economic relevance as well as its harm to
human health (morbidity and mortality), and to know the features of people at risk if exposed
(exposed population), as well as the features of those running a higher risk of contracting the
disease when exposed (vulnerable or threatened population), or the features of those at risk of
suffering serious disease or even death (high-risk population).
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Sometimes descriptive studies aim at updating our knowledge of a known health problem
and determining whether there have been changes in relation to previous studies. In the face of
health problems where the causes, the risk factors, or favorable factors are not fully known,
these studies aim at creating hypotheses that later can be confirmed or ruled out by analytical
or experimental studies.

There are several kinds of descriptive studies: clinical case series; descriptive studies of
morbidity and mortality; time correlation; ecological correlation, proportional mortality studies;
and cross-sectional or prevalence studies.

Ecological correlations are not applicable to the subject of our concern, since they use
group-based observations (e.g., census units such as municipality, province, country) rather than
individual-based ones, and proportional mortality studies, which are very useful in workplace
epidemiology.

At times, clinical case series are the initial approach to a previously unknown problem,
a new disease, or a new clinical syndrome. When the appearance of various similar cases is
observed and we become aware that we face a new health problem, its etiology, diagnosis, and
treatment must be established. Etiological research always begins with a descriptive study of
the cases (individual, time, and place features) and observation of certain features which present
a higher rate in the case series than in the general population from which the initial etiological
hypotheses came.

Morbidity and mortality studies are the more traditional descriptive studies. They are car-
ried out from data gathered systematically from several official sources, which means that their
cost and the time used are low, but, on the other hand, the quality of the information is also
low and hard to contrast. These data usually do not contain all the information that might be
of interest. They study the frequency and distribution of health problems in the population ac-
cording to individual variables (demographic, family, endogenous, and/or hereditary features,
ontogenetic defects and habits); place variables, the kind of administration divisions they are
(country, province, municipality): geographical variables (e.g., town/country, sea/inland, valley/
mountain); and periodical and nonperiodical time variables (circadian, weekly, seasonal, yearly,
and secular).

These studies allow us to know the differences in the health rate of various geographical
areas and social groups and the disease trends. They are useful for assessing the effectiveness
of intervention programs (time series studies). Time correlation studies are also very useful for
generating etiological hypotheses.

Finally, we have prevalence or cross-sectional studies which, unlike all the others, use
data gathered systematically. Data are specifically gathered for the study, which means that
they are more costly and they require longer periods. But the relevant benefit is that the in-
formation generated is of a higher quality and allows all the information that is relevant to be
gathered.

Analytical studies can be experimental or observational. For obvious reasons, in epidemi-
ology, experimental studies are only possible on rare occasions. In these kinds of studies, the
investigator can decide what individuals to include or exclude in the intervention group, although
this allocation can be random in order to control the confusion variables. When they are actually
carried out, they will always be therapy interventions (clinical essays) or prevention interven-
tions (community studies whether randomized or not).

Observation analytical studies are preferred in epidemiology. They can be case-control
or cohort studies. Case-control studies are retrospective; they go from the onset of the effects
to the search for the exposure antecedent and to the causal factors. On the other hand, cohort
studies are retrospective, going from the exposure to the causal effects and to the onset of the
effect.
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The epidemiology of human disease caused by harmful marine phytoplankton is still at
an early stage. This lack of progress in phycotoxin disease epidemiology is attributed to a lack
of disease biomarkers and exposure in humans. Epidemiological studies are limited to the mere
description of clinically identified cases and little else. More recently, they have included labora-
tory testing of ingested food.

The lack of biomarkers is a hindrance to discovery of the real incidence, since it is only
possible to confirm clinical cases in their acute stage, and as long as there are some food remains
available 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 or quantitative. In or-
der to be useful, they should be detected early in human biological fluids accessible and accept-
able. Ideally, biomarkers should also allow for the identification of subclinical cases. Other
considerations to be borne 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.

A. Relevance

DSP is widely spread in the world, affecting particularly Japan and northwestern Europe. It is
a serious economic problem for the shellfish industry and public health.

Socioeconomic Relevance

The problem of toxic bivalve shellfish (mussels, clams, cockles, scallops) affects not only public
health in affected areas but also the tourist industry (exports, markets, advertising, negative
publicity) and therefore can cause economic upheaval.

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

DSP has some relevant economic repercussions which are the object of study in Chapter
34. Galicia (northwestern region of Spain, comprising the land between the north of Portugal
and the Bay of Biscay) produces 97% of mussels in Spain. In 1997, it produced 220,000 tons;
worth around 15,000 million pesetas (US $110 million). It is the first producer in Europe, before
France and Italy, and the second world producer after China, (400,000 tons), but unlike China,
which barely covers its home market, 80% of Galicia mussel production is exported to countries
outside the European Union, and 25% is exported to third countries. It 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 during long periods a situation of economic hazard for a
great number of families who directly or indirectly depend on these fishing trades. Moreover,
if control failures occur and there are cases of human poisoning, the discredit and the mistrust
created can lead to the 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.
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Health Relevance

DSP is relevant from a health 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 and dinophysistoxins
has a favorable evolution toward total recovery in 1 to 3 days, and no fatalities have been
described.

Regarding chronic effects, okadaic acid (OA) and dinophysistoxin-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 (16—17). Mutagene-
tic (18) and immunotoxic effects due to a marked suppression of interleukin-1 (IL-1) production
have also been described (19).

It has been shown in experimental animals that pectenotoxin (PTX1) is hepatotoxic and
induces rapid necrosis of hepatocytes, with a pathological action similar to that of phalloidin. In
rats, intraperitonially injected with PTXSs, the liver finally appears granulated and the hepatocytes
contain many vacuoles.

Yessotoxins have been shown to cause heart damage. Almost all cardiac muscle cells of
mice inoculated with these toxins were swollen. On the other hand, yessotoxins 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 dimension of the problem and the need to avoid ingestion of these toxins.

B. 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, cases of human DSP should not occur. The fact that they do reflects a consider-
able failure in the processes of vigilence and prevention that should be operating, and to which
we will refer later.

Research on outbreaks of DSP in humans has only contributed to prevention, determina-
tion of their origin, and the potential exposure of other groups of people to shellfish of the same
origin. The main interest regarding prevention is watch 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 surveillance net-
work based on early detection is not possible, the surveillance based on early detection of human
intoxication can be useful in detecting the problem and taking preventive measures that can
avoid its spread.

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
been developed to detect the presence of toxic plankton species and poisoning in shellfish. This
has not been the case in countries where a watch network is not available. Nevertheless, poison-
ing 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,
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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) (20).

Outbreaks in Europe

Various DSP outbreaks have been 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, cases in 1984. Other DSP events
were reported in 1985 (a few cases) and 1987 (2000 cases) (21). In 1990, there was an outbreak
affecting 415 people due to mussels imported from the north Danish coast. It had a toxic load
of OA: 170 ug per 100 g of meat (22). Since the watch network was set in 1984, an increase
has been observed in the toxic tide frequency as well as its spreading to other previously uncon-
taminated areas.

The first outbreak reported in Norway due to a Dinophysis spp. toxin (23) took place
during a long contamination period (October 1984 to April 1985) during which around 400
cases were detected among people living on the southwest coast of Norway. Coinciding with
this outbreak, another one took place in October 1984 on the west coast of Sweden, where DSP
events had already been taking place since 1983, affecting about 100 people (24). 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 infected with DSP
have been detected during many summers.

In Spain, the first cases were detected, as we said before, in 1978 in the Ares Estuary
(25). 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 the sea water.

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 regu-
larly been detected on the coast of German Bight, but not large outbreaks of DSP have been
described (21), 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 Ireland, since the watch program was set up, DSP has been detected in shellfish samples
almost every year: The strictness and the duration of closure of shell fisheries varies according
to years. The events are recorded in the summer and autumn months (June to December).

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 (12,14) and
affected 164 people.

New outbreaks were recorded later. Between 1976 and 1984, Kawabata reports that there
were 34 outbreaks affecting 1257 people (26). The Japanese and European shores are the most
affected by toxic blooms.
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Toxic red tides have also been described on the Russian east coast (Dinophysis acuminata,
D. acuta, D. fortii and D. norvergica) (27) and the presence of DSP toxins in shellfish from
India (28), although human cases have not been reported.

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 (29). Other on events were reported
later in the same region (30). 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 (31).

In January 1991, an outbreak affecting 120 people was detected in Chile. D. acuta was
identified as the responsible toxin (32). In January of 1992, DSP toxins were also detected on
the coast of Uruguay (33).

C. Epidemiology 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 Stallybarss, the great scholar
of epidemiology.

The reservoir are the dinoflagellates causing the DSP; the poisoning source and transmis-
sion mechanism are the bivalve shellfish with toxins—mainly mussels, although sometimes
scallops are also involved. The subjects at risk are 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.

Causal agent

The DSP group comprised three toxin groups: okadaic acid and dinophysotoxins (DTX); pecten-
otoxins (polyether lactone), and yessotoxins (toxins with sulfate groups).

The first DSP group toxin was isolated from mussel digestive glands and was called dino-
physistoxin-1 (DTX-1) (34). Observation by spectral comparison showed that it was 35-R-
methyl okadaic acid. Later other okadaic acid derivatives were identified (okadaic acid had been
isolated for the first time from the Halichondria okadai sponge in 1981) (35); later it was also
found in the Prorocentrum lima and Dinophysis spp. dinoflagellates, the DTX-3 (7-O-acyl-35-
[R]-methylokadaic acid) in an intoxication by scallops in north-eastern Japan (36), and the DTX-
2 (31, demethyl-35-methylokadaic acid) in Irish mussels (37).

Pectenotoxin-1 (PTX-1), a polyether lactone, was isolated from the digestive gland of the
scallop Patinopecten yessoensis in northeastern Japan (36); later three homologous ones were
described (PTX-2, PTX-3, and PTX6) (38).

The yessotoxin was isolated from scallops, and it turned out to be a brevetoxin-type poly-
ether (39).

Of all these toxins, only okadaic acid and its derivatives (DTX) cause acute gastrointestinal
toxicity. OA and DTX have been shown to be powerful inhibitors of phosphatase PP1 and PP2A
activity; they are two of the main cytosol phosphatases in mammal cells, with the subsequent
increase in phosphorylated proteins (40). Okadaic acid probably causes diarrhea by stimulating
phosphorylation of proteins that control sodium secretion in intestinal cells (41-43).

Pectenotoxins and yessotoxins, although they do not present diarrheic symptoms, owing
to their common lipid soluble properties, are included in the DSP toxins complex, and are
subjected to the same regulations as OA and its derivatives.
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Okadaic acid is the predominant toxin in most European countries, although DTX-2 has
been reported in Ireland (37,44), Spain (45), and Portugal.

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., whereas Prorocentrum spp. are more often found in Japan.

The D. acuminata and D. acuta species are the most widely spread in European waters
(46—48). D. acuminata is the main component in the greatest algal blooms on the northwestern
shores in France. In Italy, D. fortii has also been identified as toxic agents (49), as have D.
norvergica (50) together with D. acuminata, D. acuta, and P. micans in Norway.

The presence of these dinoflagellates, even in small concentrations (hundreds of cells per
liter), can lead to poisoning of shellfish. The ingestion of them, 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 to be associated mainly with
a proliferation 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.

The source of infection as well as the transmission mechanism are bivalve shellfish, mainly
mussels and scallops.

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 physiolog-
ical 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.

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

Vieites and Leira (51) have attempted to lower the toxicity of contaminated shellfish by
cooking it 2—5 mins at 97°C in a slightly alkaline medium (pH 8.22) and adding bicarbonate
salts at 2% as a technological coadjuvant. The obtained detoxification percentages (of okadaic
acid) that range between 24 and 79% with residual levels of okadaic acid in all samples. They
tried increasing the cooking time, but with no better results when the increase was moderate—
10—15 mins. These investigators were successful in some samples with very long cooking
times—over 60 mins, but this was incompatible with maintaining the optimal market quality
of the seafood. Results were no 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.

We have attempted various manipulations to reduce toxicity—cooking, freezing, canning
(sousing)—of 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 shellfish not apt for commercialization. These processes are a combination of a
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pressure of 1.5 to 2 atmospheres and a temperature of 113°C or higher (13). Many other research-
ers have attempted cooking treatments to destroying these toxins but without success (52,53).

To date there is no effective method for eliminating toxins from mussels and other bivalves
in an economical and fast way 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 occasions 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 accumu-
lated, mainly in the hepatopancreas and other parts of the shellfish, have to be catabolized or
expelled. The more active the metabolism is and the better the physiological condition of the
shellfish is, the faster elimination to proceed.

The temperature and food available can be considered the two main external factors which
determine the detoxification speed. In warm or tepid waters, mussel filtering is more active, and
therefore 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 non condition 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.

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 them-
selves 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, al-
though 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 one year 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.

D. Factors Associated with DSP

Studies aimed at establishing epidemiological associations between various factors and an intox-
ication can be carried out at two levels. The first comprises the study of the conditions that
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Environmental conditions
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Rainfull, temperature, salinity, pH, luminosity, nutrients, metals and chelants, growth
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Red tide
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Toxic
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(eating habits)

¥

DSP intoxication

Figure 1 Factors associated with DSP intoxication.

cause the explosive growth of dinoflagellates, resulting in the production of toxins and their
concentration in shellfish. The second level studies factors causing the DSP event in humans
(Figure 1).

Knowing the environmental and feeding factors associated with the space distribution and
occurrence 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 DSP preven-
tion in humans.

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

Factors Influencing the Explosive Growth of Dinoflagellates

Red tide 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 content, still waters, light (long days), and concentrations of some organic and inorganic
substances (nutrients), as well as biological interactions. Sometimes, and under favorable envi-
ronmental conditions, some of the organisms (dinoflagellates) causing red tides multiply sud-
denly and cause an explosive growth that gives the well-known red coloring to water, and when
they are toxic species, they cause shellfish poisoning.

Dinoflagellates reproduce themselves by partition simple or multiple, and after an intense
breeding activity, they encyst and settle for long periods in the sea bottom.
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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, hydrographic, and weather factors which
are not yet fully known.

In some regions, red tides are frequent and they 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 microalgal population and those that favor their concentration.

1. Factors influencing the increase of the microalgal 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 influences the encysting (temperature decrease) or
excysting (temperature rise) of dinoflagellates.

—Sunlight: essential for conditioning photosynthetic vegetative processes.

—Salinity: its decrease, caused by freshwater flowing into the sea from rivers or by
heavy rainfall, 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.

2. Factors influencing concentration: Dinoflagellates gather in clusters due to hydrologi-
cal concentration phenomena. These accumulation processes are influenced by mild
winds that blow the surface waters toward the shore; converging phenomena cause
the dinoflagellate concentration along the front line of two masses of water of different
density. The convection movements caused by the wind facilitate the dinoflagellate
concentration 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
population 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, whereas 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 ecological functions are unknown. The amount and rate relative of toxins produced depends
on intrinsic factors of the cells (genotype, age, size, cell cycle moment, general physiological
state) and on environmental factors (temperature, salinity, pH, light, available nutrients, and
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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?

lll. 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 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 the
possibility of setting up watching 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 epidemiological 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 modifying 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 them of the hazards and providing all the means
at our disposal to avoid toxic shellfish consumption. As we stated before, dinoflagellates do not
undergo organoleptic changes that would alert the consumer, and ordinary cooking does not
destroy toxins either.

In the epidemiological watch program, it is essential to have tracers for intoxication pre-
vention. In the case of DSP, the most widely known tracer is visualizing a red tide, which, albeit
its limitations, prevents the 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,
watching out for these species as well as the presence of toxins in shellfish.

In short, epidemiological watching is based on the early detection of a problem (the pres-
ence of the DSP 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 population and economy
Legal infrastructure

Auvailable resources (human and material)

Existing means of communication

A. 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.
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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.

Self-detection programs are now at an advanced stage through satellite monitoring of
temperature changes in seawater. They are the object of detailed study in Chapter 35.

Marine Watching: Red Tide Warning Network

Sea-watching programs must be of several intensity levels, depending on the existence or not
of toxic plankton species or of conditions favoring their proliferation. There must be a perfect
coordination and a fast and fluent communication network between the authorities responsible
for sea watching (Fishing Administration) and for the markets (health, agriculture, food) and
health authorities. There are two subprograms:

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).

A program for monitoring of shellfish beds for DSP. Monitoring shellfish to check the
presence of toxins in fisheries and shellfish farms before gathering is authorized as well as 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 consumers of the seafood, it is important to set zones and
subzones in the shellfish farms, as well as fixed primary points, those which experience has
shown to be most rapidly affected in the case of a toxic event; and fixed secondary points
supplementing the former and allowing a more detailed knowledge of the affectation degree in
the zones.

For sampling programs follow-up, and monitoring of toxic phytoplankton and DSP 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 prior to assessing
the information gathered in the monitoring program on the plankton and oceanographic condi-
tions and on the shellfish biotoxins. In Galicia (Spain), there are four action schemes set on
those bases (54).

Scheme A (normal situation). Oceanic conditions are not favorable for 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 subdivided into three subschemes:

C1: Oceanic conditions are favorable and there is a significant increase in the toxic popula-
tion and in bivalve shellfish toxicity levels.

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

C3: Oceanic conditions are not favorable and there is a significant decreasing and/or disap-
pearing 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 nonsignificant 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 ms), since toxicity
may vary with water depth. Analysis must be carried out separately or integrated, depending
on the 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 around): 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: Increase sampling to three times per week, and when biotest results advise it, sampling
of other species in fixed secondary points, susceptible of 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.

Market Watching

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

Surveillance of the Disease

Surveillance of the disease may be particularly relevant as an alternative method to primary
prevention in countries that are not able to afford the costs of sustained surveillance programs
in shellfish farming areas. In such circumstances, detecting the first cases of the disease has 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 standard techniques.

The education of medical and public health staff regarding diagnosis, treatment (symptom-
atic), and notification of suspect cases is very important for the success of a watch program.
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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 up-to-date 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 poi-
soning risks by marine toxins as well as in primary and secondary prevention programs is neces-
sary for the effective success of these programes.

European Regulations

In Europe, the Community Directive 91/492 (55) and 91/493 (56) from July 15th and 22nd,
1991, respectively, set health regulations applicable to producing and marketing live bivalve
shellfish and seafood, respectively. They lay down requirements for marine biotoxins, and re-
garding DSP toxins, they establish: The usual methods of biological analysis must not give a
positive reaction in the presence of DSP in the edible parts of the shellfish (the whole body or
any edible part thereof). Regarding PSP toxins, there is a common agreement on the analysis
method used, that is, bioassay in AOAC mice. Regarding tolerance limits, 80 pg equiv. STX/
100 g of flesh, in the case of DSP toxins, there is no international consensus or toxicity criteria
in the most fitting analysis process for its control.

The directive 91/492 CEE is vague, since it does not set a DSP toxin—detecting method,
pointing out only that this must be biological, and it does not set either the tolerance limit,
which in each case depends on the biological detection method used. Subsequently, there are
important differences in the analysis methods and the toxicity criteria being applied to the health
control of marine biotoxins at present in different countries of the European Union.

With a view to eliminating these discrepancies between the member states and harmoniz-
ing 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 (57).

The tolerance levels have been established on the basis of the few epidemiological and
toxicological studies carried out, the detection limitations of the analytical methods available,
and, on occasion, they are simply based on the regulations of other countries.

The few acute toxicity studies carried out in rats and mice show that OA affects the
intestinal mucosa, and that the main symptom of poisoning is diarrhea. The OA lethal dose in
mice, by the intraperitoneal route, is 200 pug/kg of body weight and 160 ug/kg for DTX-1.

The minimum dose required to cause toxic symptoms in humans was initially fixed by
Yasumoto at 10—12 MU of DSP, which is equivalent to 40—-48 pg of OA. Severe symptoms
are caused by 76-80 g of OA. In 1981, when DSP toxins became better-known, Hamano et
al. (58) pointed out that the minimum OA and DTX-1 doses that can cause diarrhea in adults
are 40 and 36 g, respectively. The first country to set a tolerance level was Japan, accepting
5 UR/100 g of meat, or 20 ug of AO/100 of meat as the top amount of toxin allowed in shellfish,
which would be equivalent to 0.5 UR (19) of hepatopancreas (hp) (2 pg of AO/g of hp) assuming
that the hepatopancreas is 10% of the total body.

The tolerance level should not be established only on the basis of an acute diarrhea picture
caused by DSP, since the literature shows that there is the possibility of other severe effects
such as promotion of tumor growth and hepatotoxic and cardiotoxic effects.
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B. Epidemiological Investigation of an Acute Outbreak of DSP Disease

Human poisoning outbreaks by diarrheic toxins seem to be explosive, localized, and short-lived
(holomiantic outbreaks). given the very short incubation period (between 30 min and a few
hours), which depends on the amount of toxin ingested (shellfish 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 authori-
ties. 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 will go undetected if
DSP is not considered, given its unspecific symptomatology: diarrhea, nausea, vomiting, abdom-
inal pain, and its mildness. And etiology identification of clusters is even easier (episodes in
which two or more cases of the same disease are interrelated).

During investigation of a DSP outbreak, the four following stages are clearly marked:
making or verifying the diagnosis of recorded cases and confirming the existence
of an outbreak.

Identifying the intoxication source and transmission mode, other people who might have
been or are exposed, as well as cases that might have appeared previously.

Description of cases according to the person, place, and time variables.

Urgent notification of the health authorities, from the mere suspicion, so that they can
adopt the pertinent administrative preventive measures.

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 days) correspond to DSP; whether the incubation period is short (30 min to a few
hours); and whether there is an antecedent of shellfish consumption (appropriate seafood inges-
tion) and its origin.

Other causes, such as toxic infection by Bacillus cereus or by Vibrio parahaemolitic 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 hs), and the microorganism can be identified in
feces or food remains.

Gastroenteritis associated with a clinical picture of no fever, mussel ingestion, and a short
incubation period points toward the 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 following symptom frequency 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 in the same area the eaten mussels came from
(e.g., food market, shellfish purifying plant, fish farm, rocks).

The usual technique used in Belgium, Denmark, Spain is the bioassay in mice developed
by Yasumoto. In Italy, United Kingdom it is used with modifications to eliminate PSP contami-
nation. These modifications can wash off the yessotoxins present in the samples. In Portugal it
is used with modifications to eliminate potential interference by fatty acids which also carry
the risk of washing off weakly polar DSP group toxins such as acyl derivatives. Positive criteria
range from the death of two or three mice before 24 h in France, Belgium, Denmark, and Spain
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(12 hin Galicia) to under 5 h in Italy, the United Kingdom, France, and Portugal. Some countries,
such as Ireland, Holland and Germany use the bioassay in rats developed by M. Kat. (59).

The bioassay in mice is the most widely used because it is more sensitive (OA 4 ug) 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, whereas rats can be used repeatedly, although reading the test in them
depends on the subjective examination of feces.

There are also chemical methods such as high-power liquid chromatography (HPLC),
which is the most widely used method after bioassays; the enzyme-inhibition assays such as
the fluorescent protein phosphatase inhibition assays (60), a promising new and inexpensive
technique (61); the immunoassays (monoclonal antibodies to okadaic acid and DTX-1 and
enzyme-linked immunosorbent assay [ELISA]), there are several commercial kits available; the
cytotoxicity assays that obviates the morphological changes caused by the DSP toxin activity
in various cell lines: e.g., human KB cells, salmon and rat hepatocytes, cultured neurons.

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

Identifying Source, Transmission Mechanism, and Subjects at Risk

It is essential to know the kind of shellfish responsible for DSP intoxication and their origin,
whether they were bought in the market or picked directly from fish farms or rocks, and whether
there are some not yet consumed. It is also necessary to know whether they were eaten at home
or in a restaurant or other public place.

It is also important to know whether other people have also eaten the product, searching
for other cases, or whether they 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.

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 presen-
tation. It is also advisable to collect information leading to an initial idea of the toxic load.

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 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 affected shellfish.
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Neurotoxic Toxins

Bradford David Gessner
Alaska Department of Health and Social Services, Division of Public Health
Anchorage, Alaska

. LIMITATIONS OF EPIDEMIOLOGICAL DATA
A. Bias and Reports of Clinical lliness

Bias refers to those factors related to study design and analysis that may effect the results and
conclusions of a study. Descriptions of clinical manifestations may have several sources of bias
including 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 reporting 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 neurolog-
ical symptoms and understate the importance of mild sequelae such as gastrointestinal symp-
toms. One of the important contributions of outbreak investigations is actively to identify persons
with mild illness or persons exposed to toxin but who did not develop illness. This in turn
greatly contributes to the understanding 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 amnesic 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 associate falsely exposures with outcomes. The effect of recall bias may be minimized
by prospective, systematic 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 accu-
rately and completely record the symptom history of their patients. This is particularly a problem
for studies based on retrospective medical chart reviews. For example, a physician who sees a
patient with paralytic shellfish poisoning may record paresthesias and vomiting as clinical symp-
toms; 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 effect 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
paralytic shellfish poisoning and the temperature reversal of ciguatera represent attempts to
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define a health state in terms which are mutually comprehensible to the patient and clinician.
These terms, however, may not have a biological 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 acute 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 diagnosis of ciguatera unless his or her illness occurred in the context of a more
extensive outbreak investigation. Conversely, a patient may have diarrhea during an outbreak
investigation and receive a diagnosis of ciguatera even if the illness resulted from a different
cause.

B. Incidence Rates

Incidence is a fundamental component of epidemiological inference, yet it is notoriously difficult
to obtain. The source 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 exists 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 which 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 which 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 clinical medical charts may provide an estimate of the incidence of rela-
tively severe illness. Unfortunately, these studies are subject to many of the types of bias dis-
cussed above. If case definitions with a high degree of specificity are used and clinical acumen
in an area is high, incidence 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 population 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 cases per 100,000 population 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 organ-
isms. This population may differ from other populations by proximity to coastal areas, race or
culture, income, and other factors. 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
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on disease incidence of changes in demographic variables and dietary practices. Unfortunately,
this information is rarely available.

C. 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 paralytic shellfish poisoning examined risk factors for the
development of paralytic shellfish poisoning among persons who ate shellfish (1). During an
outbreak of domoic acid intoxication, investigators examined risk factors for severe illness
among ill persons (2). During an analysis of ciguatera, investigators identified risk factors for
the development of gastrointestinal versus neurological illness (3).

Risk factors for these various outcomes may be placed in the following categories: differ-
ences in toxin composition and genetic and nongenetic differences in the host response. For
example, toxin composition may differ between outbreaks of ciguatera (e.g., ciguatoxin, maito-
toxin, palytoxin, gambiertoxin) or paralytic shellfish poisoning (e.g., saxitoxin, neosaxitoxin,
gonyautoxin); 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. Finally
nongenetic host differences—including diet, dose of toxin ingested, method of food preparation,
and ingestion of particular organs—may also influence the development or progression of ill-
ness.

D. Toxic Doses

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 concentration usually represents an estimate (of unknown accuracy) of the toxin
concentration in the actual ingested animal. Additionally, most studies which attempt to calculate
a toxic dose do not report dose on a per unit weight basis. Finally, most studies estimate toxic
dose based on bioassays that do not differentiate the toxic dose of the different toxin components.

E. Geographical Distribution

Geographical distribution of reported illness may differ by the distribution of toxin-producing
and toxin-concentrating organisms, but may also differ by factors unrelated to the true distribu-
tion of disease. Disease may be underreported in some geographical regions because the region
has other health priorities, a paucity of diagnostic facilities, poorly trained medical providers,
or a lack of researchers who publish data in scientific journals. For example, Guatemala appears
in the medical literature on paralytic shellfish poisoning because of the occurrence of a large
outbreak coupled with the involvement of the U.S. Centers for Disease Control and Prevention
and the Food and Drug Administration (4).
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F. Temporal 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 variations in dinoflagellate blooms, the proportion of dinoflagellate blooms which produce
toxin, fish and shellfish depuration patterns, dietary preferences, fish and shellfish availability,
public health measures, and surveillance system characteristics. In essentially all instances, the
relative contribution of these various factors to the presence or absence of temporal variation
is unknown.

G. 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 epidemiological information. For many marine toxin-related illnesses, how-
ever, a large body of knowledge exists in regional and governmental publications, the proceed-
ings of scientific 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.

II. PARALYTIC SHELLFISH POISONING
A. Incidence

Incidence data for paralytic shellfish poisoning (PSP) are rare and limited by a lack of surveil-
lance systems, lack of active case finding in areas which have surveillance, and lack of data on
appropriate denominators for public health interventions. One investigator estimated that 1600
cases of paralytic shellfish poisoning had been identified worldwide between 1689 and 1971
(5), a number which had increased by another 900 by 1984 (6). Unfortunately, such global
information is of little use for public health officials in communities where paralytic shellfish
poisoning occurs. In two of the largest series of cases of PSP from a specific area, Prakesh (5)
reported that 80 cases of illness were identified 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. Unfortunately, no attempt was made to provide population data from which
incidence rates might be calculated.

Gessner et al. (1,7) have performed two investigations in Alaska from which the incidence
of PSP 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 popula-
tion 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 of PSP among high-
risk populations by using a randomized telephone survey among two coastal populations. This
study found an incidence of 150 and 1500 per 100,000 persons per year in Kodiak and Old
Harbor, respectively, and 560 and 1570 per 100,000 persons per year among persons who re-
ported 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
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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 aware-
ness of PSP, surveillance data grossly underestimate the true incidence.

Recently, investigators have postulated that PSP incidence has increased worldwide owing
to increased oceanic eutrophication and possibly increased ocean commerce with subsequent
dispersal of toxic dinoflagellate cysts (8,9). Although compelling evidence exists that observed
red tides have increased recently, particularly in Southeast Asia, much less evidence exists for
human illness.

Anderson has summarized data showing that more than twice as many areas worldwide
reported outbreaks of PSP during 1970 as 1990. 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
to 1950, whereas 47 cases occurred during the 1960s alone. One investigator suggests that this
must represent a true increase, since the symptoms of PSP are sufficiently unique that they
would immediately be recognized (10).

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
the incidence of PSP. 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 PSP surveillance system in place for the past 20 years. During
the 11 years from 1973 to 1983, there were 70 cases of illness and 33 outbreaks, whereas during
the 11 years from 1984 to 1994, there were 73 cases of illness and 34 outbreaks (Alaska Division
of Public Health, unpublished data). This despite a steady increase in coastal populations and
maritime tourist activity. It is possible that pollution levels in Alaskan waters have not reached
levels sufficient to cause large fluctuations in dinoflagellate blooms. What seems clear, however,
is that more effort should be made to establish surveillance systems and estimate baseline inci-
dence rates before conclusions on increases in incidence rate can be made.

B. Clinical Features

PSP toxins exert a local effect on the oral mucosa, leading to the rapid onset of perioral paresthe-
sias following exposure. For nine studies where information was available, onset time ranged
from a minimum of 5 to a maximum of 660 min. The median or mean time to illness onset
ranged from 8 to 120 min (4,7,11-17).

Unlike ciguatera, the clinical presentation of PSP is reasonably consistent across popula-
tions, possibly because individual PSP toxins differ in their quantitative rather than qualitative
effects. Three recent published reports include detailed descriptions of the clinical symptoms
of PSP and report on at least 50 ill persons (4,7,18) (Table 1). Data from Guatemala and England
come from single-outbreak investigations, whereas those for Alaska come from 20 years of
surveillance. Despite this, and the wide geographical distribution of the three areas, clinical
presentation remains consistent.

The most common symptom of PSP, occurring in almost all affected individuals, is peri-
oral paresthesias, 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. It is likely that most people have no other symptom and do not
report to health care facilities. Among persons who progress to more severe illness, a minority
report gastrointestinal symptoms, including nausea, vomiting, abdominal pain, and diarrhea.
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Table 1 Symptoms of Paralytic Shellfish Poisoning in
Guatemala, England, and Alaska

Guatemala (4) England (8)  Alaska (7)

N =187 N =178 N =117

Symptom (%) (%) (%)
Gastrointestinal

Nausea 52 38

Vomiting 36 29

Abdominal pain 38

Diarrhea 27 9
Neurological

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 3
Outcome

Death 14 0 1

Hospitalized 70 26

More severe illness leads to a variety of neurological symptoms culminating, in some
instances, in respiratory arrest or death. Neurological symptoms may include weakness, dysar-
thria, diplopia, ataxia, and vertigo or dizziness. One of the more interesting symptoms is a
dissociative feeling, 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 persons who do not have
access to medical care. These symptoms may occur within minutes in a person who otherwise
exhibits no evidence of respiratory difficulty (19), emphasizing the need for symptomatic indi-
viduals to seek medical attention immediately 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
(16). It in unclear whether PSP exerts significant effects directly on the myocardium. In one
reported case, where the victim consumed mussels containing a PSP toxin concentration of
19,418 ng/100 g tissue, cardiac arrest and ventricular fibrillation occurred despite prompt initia-
tion of bag and mask ventilation at the onset of respiratory failure (16).

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
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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
prior to 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 (16,18). 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) (20).

Death results from respiratory arrest and occurs in a variable number of cases, ranging
from zero (18) to 14% (4). Differences in the proportion of cases who die may reflect different
toxin composition, different doses of toxin ingested, or, most critically, differences in access
to emergency medical services.

Six studies for which information was available reported a maximum duration of symp-
toms of from 1 to 14 days (4,7,11,16,17,21). Prolonged illness, however, included such nonspe-
cific symptoms as weakness, headaches, memory loss, and fatigue. In general, recovery from
neurological symptoms is rapid and complete. Rodrigue et al., for example, reported that neuro-
logical symptoms resolved within 24—72 h (4). Gessner et al. described a person who progressed
from an appearance of clinical brain death to almost complete recovery within 28 h (19). No
long-term clinical effects of PSP have been reported, although it is worth mentioning that no
reports exist in the literature of rigorous long-term neurological assessment of patients who have
had PSP.

C. Toxic Dose

The minimum toxic dose of shellfish toxin represents one of the most critical pieces of informa-
tion for regulatory agencies. Six studies have information available on toxic doses in humans
(4,5,7,13,16,18) (Table 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 asymptomatic and nonlethal doses. The estimated minimum toxic dose varies
greatly from 13 to 2250 pg. 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 minimum toxic dose may be estimated as something
greater than 100 pg, the equivalent of eating 31 4-g mussels or 4 37-g butter clams at the U.S.
regulatory limit of 80 pg per 100 g tissue.

Table 2 Toxic doses (in pug) of Paralytic Shellfish Poison

British Eastern
Alaska Alaska  Guatemala England  Columbia  Canada 3
@) (16) “ (18) 13) &) %
Category N=54 N=10 N=5 N=171 N=2 N = 37 %
Minimum toxic dose 13 558 160 5
Minimum lethal dose 5863 2046 2600 kS
Minimum toxic dose per kg 21 )
Minimum lethal dose per kg 230 89 36 §
Mean toxic dose 5452 9176 B
Maximum nonlethal dose 123457 5580 8272 §
Maximum asymptomatic dose 36580 5580 3000 )
g
o
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Three studies present the minimum lethal dose of shellfish toxin and all three are in general
agreement that somewhere in excess of 2000 pg represents a potentially lethal dose. There is
more variation in the estimated minimum lethal dose per kilogram (see Table 2). The highest
reported shellfish toxin levels are approximately 20,000 pg per 100 g tissue (11,16). At this
level, a lethal dose may be ingested from as little as two 4-gram mussels. If it is assumed that
a lethal dose per kilogram is 36 pg, then a child may consume a lethal dose from eating a
fraction of a mussel.

Three studies provide information on the maximum amount of shellfish toxin that an indi-
vidual may ingest without illness. This value ranges from 3000 to over 36,000 ug, placing these
values considerably above the level needed to induce potentially lethal illness. The reason for
this is unclear, but what is clear is the consistency of data which suggests that illness and illness
severity are not related to estimated ingested toxin dose in any simple way (5,7,18).

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 per 100 g tissue on multiple
occasions, including some who had eaten shellfish that contained over 200 pg per 100 g tissue.
Of these 29 persons, one may have experienced mild paresthesias.

D. Geographical Distribution

PSP has a wide distribution and cases have been reported from as far south as Chile (21,22)
and as far north as Alaska (7). Other cases have occurred in Taiwan (14), South Africa (12),
England (18), Guatemala (4), Costa Rico (17), Singapore (15), Canada (5,13), Spain (23), Mex-
ico (24), Japan (25), and other areas of the United States (11,26). 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 1970. As mentioned
above, it is problematic trying to determine if geographical and temporal trends represent
changes in the occurrence of PSP or changes in the occurrence of confounding factors.

E. Temporal 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 although the majority of cases of PSP occurred during late spring and
early summer, cases occurred during all seasons of the year and during every month except
November and December (7). 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 Decem-
ber (17,24). Some species, such as mussels, have rapid depuration of toxin, consistent with
seasonal variation in outbreaks. Other species, however, such as the butter clam, Saxidomus
giganteus, may retain toxin for up to 2 years following a single exposure to toxic dinoflagel-
lates (5,27).

F. Risk Factors

No definitive risk factors for PSP have been identified. Particularly surprising is the consistency
of reports that have failed to identify a correlation between estimated ingested toxin dose and
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illness. Although no studies have been conducted in humans, animal studies suggest that antibod-
ies or binding proteins may be produced against PSP components (28—32). Genetic differences
(33), differences in toxin components, and poor estimation of toxic dose may also help explain
this finding.

Two studies have examined the role of alcohol consumption in PSP, with one study finding
alcohol to have no relation to illness (12) and the other study finding a protective role of alcohol
(7). Another study found that Alaska Native race was associated with illness (1). Finally, one
study suggests that age increases the likelihood of death following exposure (4). 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.

G. Public Health Issues

The threat of PSP resulting from the consumption of commercial shellfish has led to the imple-
mentation of shellfish monitoring programs in many areas of the world with commercial shellfish
harvests. For example, in Alaska, the cost to the farmer of sampling for PSP represents approxi-
mately 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 (34). 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 (35). With potential economic impacts of this magnitude,
despite relatively small human health impacts, PSP monitoring programs for commercial shell-
fish beds will continue to receive support.

More problematic is monitoring of subsistence and recreational shellfish harvesting. Wash-
ington state and British Columbia have established a program to monitor a few recreational
beaches and to close the remainder during the summer months. 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 (7). Moreover, shellfish toxin levels may
vary widely from one section of a particular beach to another (B.D. Gessner, unpublished data)
and, as demonstrated above, one mussel may have sufficient toxin to cause death. Thus, in
Alaska, the Health Department has taken the position that shellfish harvested from noncommer-
cial beaches are unsafe to eat regardless of the season. Unfortunately, this position may conflict
with the cultural and nutritional benefits which derive from subsistence food harvesting (36)
and, by its very inflexibility, lead people to ignore it (1). It may also lead to conflict between
different governmental agencies that are charged with different tasks, such as protecting the
public health versus promoting tourism. If recreational shellfish monitoring programs are imple-
mented, they should consider the following issues (27,35):

e The geographical and temporal sampling frame, taking into account issues of safety,
cost, and fairness to a multitude of local communities.
The representativeness of toxin levels in tested shellfish for an entire beach.
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.
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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 (7).

lll. CIGUATERA
A. Incidence

Several studies have attempted to define the incidence of ciguatera and some have reported
incidence at multiple locations within the same geographical area and over time (Table 3). A
study from Hawaii reported that the incidence varied among different islands from 3 to 34 per
100,000 persons per year during 1988 (37). Within islands, the incidence stayed relatively con-
stant 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 (38). As with Hawaii, the incidence remained
relatively constant within areas during 1973-1983. Lewis (38) provides an excellent visual
image of the distribution of ciguatera among different areas during 1979-1983 (Figure 1). In
the eastern Caribbean, disease incidence varied from 3.3 per 100,000 persons per year in Cuba

Table 3 Ciguatera Incidence by Area

Incidence
Location (per 100,000 per year)
Hawaii, 1988 (37)
Oahu 3
Kauai 13
Maui 11
Hawaii island 34
Hawaii state 8
South Pacific, 1973—-1983 (38)
American Samoa 87
Cook Islands 1
Fiji 16
French Polynesia 545
Guam 8
Kiribati 324
Nauru 7
New Caledonia 200
Niue 130 3
Papua New Guinea >1 %
Solomon Islands 2 E
Tokelau 653 'ED
Tonga 21 Z
TIPI 173 ‘_é
Tuvalu 439 g
Vanuatu 25 g
Wallis and Futuna 9 3
Western Samoa 54 §
Virgin Islands (39) 365-730 ]
Australia, 1965-1985 (41) 30 'En
o§
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Figure 1 Mean annual incidence of ciguatera 1979—1983 (cases per 100,000). (From Ref. 38.)

to 730 per 100,000 persons per year in St. Thomas, Virgin Islands (39,40). Incidence data are
also available from Australia (41), with a reported value of 30 per 100,000 persons per year.

Certain islands or island groups in the South Pacific have extraordinarily high ciguatera
incidence 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
ciguatera during the 2-year period before the study (estimated incidence 6243 per 100,000 per-
sons per year) (42). Even more dramatically, the population of the Gambier archipelago in
French Polynesia had an incidence of 22,700 cases per 100,000 per year during 1960—1984
(43). The author of this study emphasized that the incidence in the South Pacific varies dramati-
cally among different islands and increased among certain islands during 1960—1984 (43).

These latter two observations may be related to ‘‘decreasing diversity of marine and terres-
trial fauna,”” which in turn may be related to nuclear test explosions (43) and other environmental
disruptions of marine ecosystems (44,45). As has been pointed out, however, significant disrup-
tions to marine ecosystems have occurred without an increase in ciguatera (46). Additionally,
increases in ciguatera poisoning may reflect changes in diagnostic capability and surveillance
systems. Nevertheless Ruff’s hypothesis (43) remains intriguing and agrees in its broad principle
with the arguments of Anderson regarding PSP (8).

During outbreaks of ciguatera, some investigators 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%, emphasiz-
ing the consistent, although not necessarily uniform, distribution of ciguatoxins among the edible
flesh of toxic fish (47-51).

B. Clinical Features

A plethora of studies exist documenting the clinical presentation and course of ciguatera. Addi-
tionally, at least 175 symptoms have been reported to occur during ciguatera (52), likely re-
flecting the variety of toxins that may cause illness (53,54). The present analysis does not attempt
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a comprehensive 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 (48—50,55). The
minimum time reported (except for cases where palytoxin is implicated) is 30 min, whereas the
maximum time is 48 h.

Five large series (41,55-58)—two from the Atlantic and three from the Pacific Ocean
areas—were reviewed (Table 4). Gastrointestinal effects include nausea, vomiting, diarrhea, and
abdominal pain. The predominant neurological effects include acral and circumoral paresthesias,
vertigo or dizziness, ataxia, and diaphoresis. Temperature reversal (also known as paradoxical
dysasthesia) is a well-known feature of ciguatera, but one investigator points out that although

Table 4 Ciguatera Symptoms by Area

South Pacific ~ Australia Hawaii Miami Virgin Islands
(56) 41 (57 (55) (58)
N = 3009 N=527 N=203 N=129 N =33
Symptom (%) (%) (%) (%) (%)
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
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cold objects may feel hot, no reports exist of hot objects feeling cold (59); this investigator
suggests that the symptom may more closely resemble hyperasthesia than dysasthesia. Other
common symptoms include myalgia, arthralgia, weakness, chills, headache, and pruritus. Car-
diovascular symptoms include hypotension (60) and bradycardia, as well as less commonly
arrhythmias. Death is rare, with only three occurrences out of 3009 cases documented by Bagnis
(56) and one occurrence out of 527 cases documented by Gillespie (41).

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 (47), whereas Bagnis reported bradycardia for 14%
and hypotension for 12% of cases in the South Pacific (56). One report suggests that hypotension
in ciguatera results from parasympathetic excess and sympathetic failure (60). Occasionally,
tachycardia has occurred as well.

Others have compared the symptoms reported in different regions and have noted that
affected persons in some areas of the South Pacific (e.g., French Polynesia) have more severe
symptoms than those in Hawaii, including more temperature reversal and cardiovascular mani-
festations (57). To take the studies compared in Table 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 and a lower proportion of
persons with gastrointestinal symptoms. A geographical difference in the distribution of symp-
toms is certainly consistent with the variety of toxins that may cause a clinical presentation
consistent with ciguatera. One should exercise caution, however, in making a direct comparison.
The studies of Bagnis and Lawrence were designed prospectively, whereas 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 consumption of carnivores such as grouper with neurological illness (3). Kodama (61) and
Glaziou (62) found that, compared with consumption of herbivores, consumption of carnivores
resulted in more severe disease, including increased cardiovascular symptoms; additionally,
symptoms may differ following consumption of different carnivorous species. Presumably, these
findings represent the accumulation of different toxins or the same toxin at different concentra-
tions 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
and 72 days (47,63), but both of these studies included a small number of cases. Gastrointestinal
symptoms resolve relatively quickly over several hours to a week (48-50,58). Neurological
symptoms, including weakness, paresthesias, and temperature reversal, have been reported to
last up to 180 days (49,55,58,64). In one extreme example, polymyositis was documented 11
years after a case of ciguatera (65), although the causal link in this case is questionable.

C. Geographical Distribution

Dinoflagellates that produce one or more of the toxins associated with ciguatera are found world-
wide within tropical coastal waters. 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 (46). It is hypothesized that the implicated dinoflagellate
thrives in areas most exposed to oceanic flows and does not thrive near continents or other
major land masses with land runoff. A review published during 1994 documents the particular
countries that have reported cases of ciguatera (66). In the United States, cases have now been
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reported from fish caught as far north as North Carolina (50), and a recent report documents
the first outbreak in California, which was traced to fish caught off the coast of Baja, California,
Mexico (67).

With increases in interstate fish transport, more outbreaks have occurred in areas without
risk of indigenous ciguatera such as Canada (63), Rhode Island (68) , California (69), and Ver-
mont (70). Additionally, clinicians in any part of the world may see patients who present after
acquiring illness during travel (71,72). Finally, one report identified a case of ciguatera that
resulted from the consumption of farm-raised salmon, raising the possibility of ciguatera oc-
curring in novel locations (73).

D. Temporal Distribution

Temporal differences may occur in the rate of ciguatera fish poisoning but, as with PSP, the
occurrence of seasonal variations and the seasons of high risk vary by location. In Hawaii, the
greatest number of cases occurred during July, but no overall seasonal distribution was identified
(57). Similarly, no seasonal variation was found in the Virgin Islands (39). In Miami, Florida,
the majority of cases occurred during May, with a clear increase in cases during the spring and
summer (55), whereas in Puerto Rico, the majority of cases occurred during January, March,
and April (64). In Puerto Rico, investigators have found consistent increases in the number of
ciguatoxic barracuda during January through April, but they also have found less consistent
increases during the summer and fall (74). As one review points out, fish may remain toxic for
years following exposure to ciguatoxin, an observation which likely explains the reported in-
creased risk of illness following consumption of older and larger fish (53). This finding may
also help to explain the lack of seasonal variation in human illness despite variations in dinoflag-
ellate blooms.

E. Risk Factors

Numerous studies have attempted to identify risk factors for ciguatera, although the outcomes
and risk factors measured have differed widely between these studies. One study reports an
association between illness and age (47), but three other studies report no association (48,55,57);
additionally, cases have been reported among persons from less than 1 to 83 years of age (39).

Similarly, Bagnis (56) and Glaziou (62) found 50—60% more males than females with
ciguatera, but numerous other studies have found no association with gender (39,47,48,55,58);
it is possible the described association 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 (56,62) or illness (39,56). 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 (47,48). Fish eviscer-
ation does not appear to be protective (47,58) 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 (50,72),
whereas a third study found no association with severity of illness (48). Two studies report no
association with race (55,58). Other reported risk factors include exertion and eating large fish.
All of the studies which 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
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population), and lack of a systematic approach to measurement of risk factors and outcomes.
The discrepancies between studies may be attributable to these methodological flaws, to differ-
ences in population characteristics, or to differences in toxin components among different areas.

F. Public Health Issues

Recently, an immunobead assay for the detection of ciguatoxin in fish has been developed
(Cigua-Check, Oceanit Laboratories, Hawaii). However, because of the difficulty with testing
fish for the presence of the variety of toxins that might cause ciguatera, no regulatory limits exist.
Instead, governments have reacted in a variety of other ways, including banning the sale of fish
suspected to cause ciguatera such as grouper, snapper, barracuda, and surgeonfish in French
Polynesia (75) and barracuda in Miami (55); provision of education regarding ciguatera case
identification to medical providers (55); and, despite its limitations, using an assay for fish
sampling with subsequent withdrawal of toxic fish from the market (70,76—78). Additionally,
where governments have not acted, the combination of legal decisions and insurance industry
pressure has prompted interventions such as the placement of warnings on restaurant menus in
endemic areas (79). Research is currently ongoing in the United States to develop a screening
method for fish that will meet the requirements of the new Hazard Analysis and Critical Control
Point approach adopted by the U.S. Food and Drug Administration. This approach specifies
that preventive efforts, in this case toxin detection, be directed at the first point of encounter
with the fish after the fisherman.

Ciguatera undoubtedly limits subsistence seafood harvesting in endemic regions, but the
extent of its impact is unclear and likely varies by location. Factors which 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 (38) and Bourdy (80) report a number of strategies which 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 (38). Additional strategies
have been employed which are less effective 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 (81). 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 (64).

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
(38,75,82). The threat of ciguatera may also adversely effect 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 (82).

Eventually, inexpensive, sensitive, and specific tests may be developed for identification
of ciguatoxins in fish. 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 compared to the risk of ciguatera, the economic and social importance of fish
harvesting to a community, the anticipated intervention when toxic fish are identified (particu-
larly if toxic fish represent a considerable portion of the total harvest), and guidelines for relax-
ation of specific restrictions (e.g., import or export restrictions) once implemented.
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IV. AMNESTIC SHELLFISH POISONING
A. Incidence

The incidence of amnestic shellfish poisoning (ASP) is unknown but appears to be low, as only
one confirmed outbreak of human illness has been reported. Following the detection of domoic
acid in razor clams in the State of Washington, an epidemiological investigation was conducted
to identify possible cases of human illness (83). Among 127 persons who had recently eaten
razor clams, no illness was identified.

B. Clinical Features

Almost all of the information regarding clinical features of ASP derives from the originally
described outbreak in Canada involving 107 people (2,84). Illness onset during this outbreak
varied from 15 min to 38 h (mean 5.5 hs). 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, opthalmoplegia, unstable blood pressure, and arrhythmias (2,84).
Three patients died. During examination several months after exposure, prolonged symptoms
included memory deficits, atrophy and mild weakness of the extremities, and hyporeflexia (84).

Quick used a case-control study to identify symptoms resulting from exposure to lower
doses of domoic acid (83). Initial analysis suggested that persons with mild gastrointestinal and
neurological symptoms had eaten razor clams with a higher concentration of domoic acid than
persons without symptoms. 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 disorders are linked to environmental toxins (85).

C. Toxic Dose

During the Canadian outbreak of ASP, 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 (2), a subsequent article reported that a dose per kilo-
gram could be calculated for seven persons with mild symptoms and ranged from 0.9 to 2.0
mg/kg (86). Primate studies also suggest that 1 mg/kg represents a toxic dose (87). 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 12.5 (range 4.2-29.0) and 6.5 mg
(range 0—24.4) (83). 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.

D. Geographical Distribution

The geographical distribution of confirmed ASP remains limited to eastern Canada. Neverthe-
less, domoic acid has been recovered from the entire west coast of North America, including
Mexico (88), California, Oregon, Washington, and Alaska and recently also in Europe (89).
Additionally, Japanese researchers have identified new isomers of domoic acid (90).
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E. Temporal Distribution

No temporal trend data for human ASP exists. Similar to the case with other marine biotoxins,
some investigators have argued that toxic blooms are increasing (88).

F. Risk Factors

Among ill persons with ASP, males and the elderly had an increased risk of memory loss and
hospitalization (2). Perl (2) 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 con-
trast, 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
(91). Because specific parts of different species may concentrate toxin—for example, the viscera
of dungeness crabs or the foot of razor clams (92)—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 (93). Some ethnic groups may have an increased risk of toxin exposure because of different
patterns of seafood consumption; for example, the practice of eating the viscera of crabs among
persons of Chinese descent in Washington state (86).

G. Public Health Issues

Based on current knowledge, domoic acid is primarily of public health concern because of its
potential for widespread illness via commercial shellfish. During the original outbreak of ASP,
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 2 mg per 100 g of
tissue (20 ppm) (94) was established 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 (86). It remains unclear whether the
current regulatory limits are excessive or too low for preventing human illness. It is clear, how-
ever, that these regulatory limits will result in periodic closures of fisheries, as toxin levels in
excess of 20 ppm have been found on numerous occasions (95).

V. TETRODOTOXIN
A. Incidence

No reliable incidence data exist for tetrodotoxin poisoning. The most extensive data on tetrodo-
toxin poisoning comes from Japan where 6386 cases of pufferfish poisoning were reported
during the 78-year period 1886—1963 (59.4% were fatal) (96,97). 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 population per year. Another report from Japan identified
2,688 deaths due to pufferfish ingestion during 1927—-1949 (98). Using the same denominator,
this implies that 0.2 deaths per 100,000 population per year occurred owing to tetrodotoxin
poisoning during this time period. Interestingly, with the exception of the period during World
War II, the number of reported pufferfish poisoning episodes in Japan during 1886—1963 re-
mained relatively constant at 100-300 per year. Additionally, during the same time period, no
systematic decrease in the case fatality rate occurred. More recently, 495 persons became ill
from pufferfish ingestion during 1977-1986 (25).
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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
20,000,000, identified 20 outbreaks involving 52 patients during 1988—1995 (99). This suggests
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 (100). This
suggests a minimum incidence related to ingestion of this animal of 0.09 cases per 100,000
population per year.

B. Clinical Symptoms

Symptom onset of tetrodotoxin poisoning occurs within minutes and only rarely more than 6
hs after eating a toxic animal (99,101,102). Perioral paresthesia is the most immediate symptom
and acral paresthesia is the most common symptom (Table 5). Nausea and vomiting may or
may not occur. Disease may progress to dizziness or vertigo, weakness, ataxia, dyspnea, diapho-
resis, and death from respiratory failure. Similar to PSP, affected persons may report a floating
sensation (102). Clinical findings may include mydriasis, motor paralysis, respiratory paralysis,
tachycardia, and bradycardia (103). Additionally, although hypotension has been a classic find-
ing, at least three reports from Taiwan have documented the occurrence of hypertension
(99,104,105); in one case, the blood pressure rose to 300/140 with death occurring 2 h after
consumption of the implicated fish (105).

The mortality rate in tetrodotoxin poisoning is dependent on, among other things, timely
access to intensive care facilities. In some series, it has approached 60% (96,106). When death
results, it usually occurs within 6 h, and sometimes as rapidly as in 17 min, following toxin
ingestion. Persons who have not died within 24 h generally recover completely. Similar to PSP,

Table 5 Tetrodotoxin Symptoms in Two Different Areas

Taiwan Thailand
(mainly pufferfish) (horseshoe crab)
(99) (100)
N =52 N =171

Symptoms (%) (%)
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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symptoms of tetrodotoxin poisoning usually resolve within 1-2 days, and residual impairment
has not been reported.

Fukuda and Hani, as reported by Halstead (96), have divided tetrodotoxin intoxication
into four stages of progression. Stage 1 includes oral paresthesias with or without gastrointestinal
symptoms. Stage 2 includes paresthesias of other areas and motor paralysis. Stage 3 includes
muscular incoordination, aphonia, dysphagia, respiratory distress, precordial chest pain, cyano-
sis, and hypotension. 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 the toxin dose
or other biological parameters.

C. Toxic Dose

The toxic and lethal doses of tetrodotoxin 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 and 287 mouse units (MU) per gram of tissue with
an estimated intake of no more than 74,000 MU (105). A second study in Taiwan measured
toxin levels in the implicated marine organisms for six outbreaks with toxin varying between
13 (for gastropod mollusks) to 1200 MU (for pufferfish roe) per g of tissue; unfortunately the
amount of fish or mollusk eaten was not reported (99). The lethal dose for humans has been
estimated as 200,000 MU (105,107).

D. Geographical Distribution

Human intoxication from tetrodotoxin has occurred in a variety of species that live in diverse
ecosystems (108), including pufferfish and other tetraodontiforme fish, the blue-ringed octopus
(109,110), mollusks (99), horseshoe crabs (100), and the Oregon newt (111). Moreover, tetrodo-
toxin-containing fish exist in tropical waters throughout the world (102). For most populations,
however, species that contain tetrodotoxin do not constitute a significant part of the diet. Conse-
quently, illness is generally restricted to areas where potentially toxic animals such as pufferfish,
gastropod mollusks, and horseshoe and other crabs are eaten: Southeast Asia and, more specifi-
cally, Japan. In addition to Japan, Taiwan, and Thailand, intoxication has also been reported
from the South Pacific (112), Malaysia (113,114), Hong Kong (115,116), Singapore (117), and
Australia (109,118). It is possible that fatalities from eating some species of crab on Negros
Island, Philippines, also resulted from tetrodotoxin poisoning (119,120).

E. Temporal Distribution

Cases of tetrodotoxin poisoning occur during all months of the year. It is not known whether
the proportion of tetrodotoxin fish has increased. Simple incidence data would not necessarily
answer this question, since public 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. Additionally, it is possible that improved medical care has lowered the number
of lethal cases.

F. Risk Factors

No risk factors for tetrodotoxin poisoning are known. It is likely that intoxication and its severity
are dose dependent (99). Age has not been shown to increase the risk of illness; in Taiwan,
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illness occurred in persons from 9 months to 71 years of age (99). The toxin is heat stable, so
that cooking is not protective. Tetrodotoxin concentrates in the viscera and roe of some animals,
such as pufferfish (108). Presumably, removal of the viscera will provide some measure of
protection, although cases have been reported where only the flesh of the fish was eaten (99).
Previous exposure does not provide protection (102).

G. Public Health Issues

No regulatory limits for tetrodotoxin have been established in the United States, as personal
importation of pufferfish is prohibited. An agreement between the U.S. Food and Drug Adminis-
tration and the Japanese Ministry of Health and Welfare has been adopted which allows importa-
tion of fugu for special occasions provided the fish is certified safe by the Japanese government
before export (101). Japan and Taiwan have attempted to control tetrodotoxin poisoning through
licensing of restaurants and chefs or by establishing regulatory limits for the sale of pufferfish
(25). As people may ingest 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 (102).

VI. NEUROTOXIC SHELLFISH POISONING
A. 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 (121).

B. Clinical Symptoms

The most rigorous analysis of data on NSP comes from an outbreak in North Carolina involving
48 persons (121). The median latent period between ingestion and onset of illness was 3 h (range
15 min to 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%), head-
ache (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 outbreak in general agree with other investigations of illness from Florida (122,123),
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 differences in toxin consumption or more rigorous identification of milder cases.
Death, if it occurs, is exceedingly uncommon.

The above documents the consequences of neurotoxin 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
(124,125).

C. Toxic Dose

During the outbreak in North Carolina, implicated oysters had a NSP toxin level of 35-60 MU
per 100 g of tissue. Two persons became ill after consuming less than 12 oysters, but in this
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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.

D. Geographical 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
(126). 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 informa-
tion on temporal distribution exists, as published reports have relied on outbreaks rather than
systematically collected surveillance data.

E. Risk Factors

No risk factors for NSP have been identified other than estimated ingested dose (121). The
investigation in North Carolina examined age, gender, the presence of chronic illness, medica-
tion 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 contami-
nated seafood will not alter the risk of intoxication. Furthermore, the toxin is lipid rather than
water soluble (127), and thus boiling or steaming contaminated food is similarly unlikely to
alter the risk of intoxication.

F. Public Health Issues

As with ASP, NSP is primarily of public health concern because of its potential for large out-
breaks 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. Shellfish beds are closed when P. brevis concentrations exceed 5000
cells/mL (124) and reopened when shellfish toxin levels drop below 20 MU (approximately 80
pg) per 100 g tissue (9). North Carolina implemented a similar program following the occurrence
of human brevetoxin intoxication (121).
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. 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 (®-conotoxin GVIA), Conus magus (®-conotox-
ins MVIIA, MVIIC, and MVIID), as well as from Agelenopsis aperta spider venom (FTX, ®-
agatoxin IVA) are powerful diagnostic pharmacological tools to discriminate between different
subtypes of neuronal Ca** channels. Thus, so-called high-threshold—activated (HVA) Ca>* chan-
nels 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
(micromolar) or the ®-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 targetted by so-called organic Ca®" antagonists such as the 1,4-dihydropyridines (DHP)
nifedipine or Bay K 8644, the benzylalkylamine verapamil, or the benzothiazepine diltiazem;
they are also specifically blocked by snake toxins calciseptine and calcicludine. Wide-spectrum
o-toxins (®-conotoxin MVIIC, m-agatoxin IA, ITA, and IITIA) and organic compounds (flunari-
zine, dotarizine, cinnarizine, fluspirilene, R56865, lubeluzole) can block several classes of HVA
Ca’" channels, including the L-type. A neuronal R-type HVA channel seems to be resistant to
all known toxins. Low-voltage—activated (LVA) channels (T-type) are blocked by l-octanol,
amiloride, and mibefradil, and are more sensitive to Ni*" than to Cd>*; no toxins are known
that recognize these channels.

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%)
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92 GARCIA ET AL.

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** channels carry 50% of the current and N-type channels 45%;
P/Q account by only 5%. In human chromaffin cells, P/Q-type Ca** channels dominate (60%),
whereas in pig chromaffin cells, N-type channels are predominant (80%). The functional signifi-
cance if this variety of Ca’* channels remains to be elucidated.

Ca?" channels consist basically of a multiple subunit protein complex with a central pore-
forming o, subunit and several regulatory and/or auxiliary subunits, which include a 3 subunit
and the disulfide-linked o,/ subunit. Additionally, a fifth subunit has been reported in some
tissues, such as the skeletal muscle y subunit or the neural P95 subunit. The o, subunit contains
the Ca®" conductance pore, the essential gating machinery, and the receptor sites for the most
prominent pharmacological agents. The mammalian family of Ca*" channel o, genes may be
grouped into two subfamilies. The L-subfamily consists of three genes designed as o5 (cloned
from skeletal muscle), o,¢ (cardiac, smooth muscle, neuronal), and o, (neuronal, endocrine).
The DHP-resistant non-L subfamily have another three genes that are expressed almost exclu-
sively in neuronal tissues. The o5 gene encodes an @-conotoxin GVIA-sensitive N-type Ca**
channel, the o, subunit is likely related to the P/Q-family of Ca®* channels, and the o/, subunit
seems to be related to the R channel expressed in rat cerebellar granule neurons. Recently, an
0.;c subunit that expresses T-type channels has been cloned.

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 (noradrenaline) release from
sympathetic neurons, as well as acetylcholine release from the electric fish muscle endplate, the
myenteric plexus, and detrusor muscle. Also, N channels partially control the nonadrenergic
noncholinergic neurotransmission in smooth muscle, gamma-aminobutyric acid (GABA) release
in cerebellar neurons, glycine release in dorsal horn neurons of the spinal cord, epinephrine
release from the dog adrenal, dynorphin release in dentate gyrus, and the synaptic neurotransmis-
sion 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 acetylcho-
line from the mammalian neuromuscular 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 they 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, and Q channels have been found, yet only the L-
and Q-types seem to be involved in the control of catecholamine release induced by depolarizing
stimuli. Therefore, it seems that those ‘‘exocytotic channels’” (L and Q) must be located nearby
the secretory surface of the cell; however, it is uncertain what might be the functions of Ca**
channels (i.e., N and P) that do not participate in the immediate control of the secretory process.
Many other questions remain unanswered. For instance, the nature of the R-type channel and
whether a toxin can be found to recognize this 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 a mystery. Finally, it is important to stress the need of
finding nonpeptide molecules to target specifically different channel subtypes; these compounds
should cross the blood-brain barrier and thus serve as therapeutic drugs to treat different brain
diseases.
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Calcium Channel for Exocytosis 93
Il. »-TOXINS AS DIAGNOSTIC PHARMACOLOGICAL TOOLS

Some static or slow animals, both terrestrial (snakes, spiders) and marine (snails), have devel-
oped venoms containing potent neurotoxins in order 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 exemplified by the Conus
marine snails (1). Of the approximately 500 Conus species, about 40—100 prey primarily on
fish (fish-hunting species), and these snail species use two parallel physiological mechanisms
requiring multiple neurotoxins to immobilize fish rapidly (2): neuromuscular block and excyto-
toxic shock. Fish-hunting Conus snails use an harpoon-like device to inject their venom into
their preys. The venom contains a cocktail of neurotoxins that will cause a double-phase paralytic
process (Table 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 d-conotox-
ins, which suppress the inactivation of the voltage-dependent Na* channels, thus causing an
increase in Na* influx; and the x-conotoxins, which block K* channels, not allowing the cells to
repolarize. This combination of toxins leads to hyperactivity of the fish, followed by a continuous
contraction and extension of major fins without death. The second phase consists of a flaccid
state and is caused by a different cocktail of neurotoxins (see Table 1): The o-conotoxins, which
block nicotinic acetylcholine receptors; the p-conotoxins, which block voltage-dependent Na*
channels; the Y-conotoxins, which also block nicotinic acetylcholine receptors; the k-conotox-
ins, which cause the blockade of K* channels; the 8-conotoxins, which suppress the inactivation
of the voltage-dependent Na* channels, and the m-conotoxins, which block voltage-dependent
Ca?" channels, and are the subject of this chapter.

Another example of venomous animals is the funnel-web spider, Agelenopsis aperta,
which 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 funnel-
web toxin (FTX), which targets voltage-dependent Ca>* channels (3), and the acylpolyamines
(o-agatoxins), most of which are blockers of glutamate receptors (4). The other group, the
polypeptide toxins, is composed of the m-agatoxins, which selectively block different subtypes
of voltage-dependent Ca>* channels, and the p-agatoxins, which are potent activators of voltage-

Table 1 Paralytic Process Induced by the Venom of Conus
Marine Snails and Neurotoxins Implied and with Their Mechanisms
of Action

Phase 1. Fast paralysis with tetanus (rapid immobilization)

4-Conotoxins Suppression of Na* channel inactivation
(increases Na™ influx)

k-Conotoxins Blockade of K* channels

Phase 11. Flaccid paralysis

a-Conotoxins Blockade of nicotinic acetylcholine receptors

u-Conotoxins Blockade of voltage-dependent Na* channels

y-Conotoxins Blockade of nicotinic acetylcholine receptors

Kk-Conotoxins Blockade of K* channels

4-Conotoxins Suppression of Na* channel inactivation

®-Conotoxins Blockade of voltage-dependent Ca** channels
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94 GARCIA ET AL.

dependent Na* channels. These combinations of toxins secure a fast and reversible 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
contain 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 (5), and
the venom fom the green mamba, Dendroaspis agusticeps, contains calcicludine, a toxin that
acts as a potent blocker of most of the high-voltage—activated Ca>* channels (6).

lll. «-TOXINS FOR THE CHARACTERIZATION OF VOLTAGE-DEPENDENT
Ca?* CHANNELS

As indicated, ®-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. stria-
tus. Several of these peptides have been purified, sequenced, and synthetized (with similar po-
tency as the natural 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.

A. o-Conotoxins

o-Conotoxins are small peptides containing 24—29 amino acid residues (Figure 1); they share
several features that are common to all m-conotoxins. The more characteristic is the presence
of six Cys residues, with three intramolecular disulfide bridges, forming an structure known as
a ‘“‘“four-loop framework’” (7,8). This arrangement of Cys residues is similar to that observed
in d-conotoxins, which target voltage-gated Na* channels (9).

Although the sequence of different m-conotoxins has great interspecies variations, they
can compete for the same calcium binding site and show similar physiological effects. For

w-Conotoxin GVIA CKEOGSSCSOTSYNCCR . SCNOYTRKCY
w~-Conotoxin MVIIA CKGKGAKCSRLMYDCCTGSC. . RSGKEC
w-Conotaxin MVIIC CKGKGAPCRKTMYDCCSGSC .. GRRCKC
w-Conotoxin MVIID COGRGASCREKTMYNCCSGSC. .NRGEC

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

Disulfide linkages CoveeaeConnnann CC...C. .00 C

Figure 1 Upper panel shows the sequence of m-conotoxins isolated from Conus geographus (GVIA),
Conus magus (MVIIA, MVIIC, and MVIID), and Conus striatus (SVIA). Lower panel shows the arrange-
ment of the Cys residues that constitute de ‘‘four-loop’” structure.
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Calcium Channel for Exocytosis 95

instance, ®-conotoxin GVIA (10) and ®-conotoxin MVIIA (11) 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 (1,12), whereas m-conotoxin MVIIA does it in a revers-
ible manner (13,14).

Other ®-conotoxins have broader Ca** channel blocking properties than ®-conotoxin
GVIA and o-conotoxin MVIIA. cDNA clones encoding a previously unknown m-conotoxin
were identified from a cDNA library made from the venom duct of Conus magus (15). The
predicted peptides m-conotoxin MVIIC and ®w-conotoxin MVIID were chemically synthetized
and characterized. Both peptides inhibit N-type Ca>* channels and P-type Ca>* channels, but
they also inhibit other Ca*" channels resistant to 1,4-dihydropyridines (DHP), w-conotoxin
GVIA, and w-agatoxin IVA (15), and thus they constitute actually an important tool for the
characterization of P/Q-types of Ca’* channels, as described below. Some differences between
the m-conotoxins relate to the reversibility of their blocking effects, and thus N-type Ca** chan-
nels can be blocked in an irreversible manner by ®-conotoxin MVIIC but in a reversible manner
by ®-conotoxin MVIID (16).

B. w-Agatoxins

m-Agatoxins, derived from the venom of Agelenopsis aperta, are also a heterogeneous group
of polypeptides (5—100 kD) that specifically target voltage-dependent Ca** channels. Four sub-
types of m-agatoxins with different blocking properties have been identified up to now (4,17,18).
Type I m-agatoxins (w-Aga-1A, ®-Aga-IB, and m-Aga-IC) are potent blockers of neuromuscular
transmission in insects. Of these, the most studied is m-agatoxin IA, which seems to block both
L- and N-type Ca** channels (19). Type II m-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 (20). ®-Agatoxin ITA has been shown as a potent blocker
of both L- and N-type Ca’" channels (21).

Type III m-agatoxins (w-Aga IIIA, w-Aga IIIB, w-Aga IIIC, and w-Aga IIID) have a
broader spectrum of blockade than other agatoxins and block several subtypes of voltage-depen-
dent Ca®" channels. Of these, m-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 (22—24); it shows a very high
potency (IC50 <1 nM) for both inhibiting L and N channels, being more potent than ®m-cono-
toxin GVIA for blocking N-type channels (25). Efficacy of blockade induced by w-agatoxin
IITA is higher for L-type channels and decreases for N- and P/Q-type Ca** channels (23). In
these latter channel subtypes, m-agatoxin IIIA seems to act as a high-affinity partial antagonists,
blocking less than 50% of calcium conductance (23).

Type IV w-agatoxins (m-Aga IVA and w-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/Q-type Ca** channels with a Ky of 2-3 nM (26-28).

C. FTX

The toxin fraction (FTX) of Agelenopsis 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 (3,29). Although initially FTX was considered to be selective for P-
type Ca®" channels, later on it was shown to block other ionic channels (30).
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96 GARCIA ET AL.
IV. DIVERSITY OF VOLTAGE-DEPENDENT Ca?* CHANNELS

Two approaches are mainly responsible for the discovery of the rich diversity of voltage-depen-
dent 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, con-
ductance) both at the single-channel and at the whole-cell level has been possible thanks to the
improvement of the patch-clamp techniques (31). On the other hand, the isolation, purification,
and synthesis of different neurotoxins have provided ligands with remarkable discrimination
for different subtypes of high-threshold dihydropyridine (DHP)-resistant Ca*" channels (1).

With the combination of the patch-clamp techniques and these pharmacological probes,
at least six subtypes of voltage-dependent Ca?* channels have been described up to now: T, L,
N, P, Q, and R (Table 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
other with a high threshold for activation (high-voltage—activated: HVA).

A. Low-Voltage—Activated Channels: T-Type Ca?* Channels

The first attempt to identify different subtypes of voltage-dependent Ca®* channels was carried
out by Carbone and Lux (32), who identified two types of channels: those that open with small
depolarizations from a hyperpolarized holding potential, so-called low-voltage—activated (LVA)
channels and those that require higher depolarizations to open, so-called high-voltage—activated
(HVA) channels.

In addition to their low threshold for activation, LVA Ca’" channels (32) are characterized
by a similar permeability for Ca*" and Ba®" (33,34). A single subtype of Ca** channel has been
identified in this group (32) and has been termed T (for transient or tiny). The main characteris-
tics of this channel are its fast inactivation, which generates a transient current, and its inactiva-
tion when the holding potential is fixed between —60 and —50 mV. The single-channel conduc-
tance has been estimated to be around 8 pS.

Table 2 Drugs and Neurotoxins Used for Characterization of
Voltage-Activated Ca>* Channels

Channel Supramaximal

subtype Blocker concentration Reversibility

L Dihydropyridines 3 uM Reversible

(i.e., nifedipine,
nimodipine)

N ®-Conotoxin GVIA 1 uM Irreversible
®-Conotoxin MVIIA 1 uM Reversible (slowly)
®-Conotoxin MVIIC 3 uM Reversible (slowly)
®-Conotoxin MVIID 3 uM Reversible (fast)

P o-Agatoxin IVA 20 nM Irreversible
®-Conotoxin MVIIC 3 uM Irreversible
®-Conotoxin MVIID 3 uM Irreversible

Q m-Agatoxin IVA 2 uM Irreversible
®-Conotoxin MVIIC 3 uM Irreversible
®-Conotoxin MVIID 3 uM Irreversible

T Mibefradil 1 uM Reversible

See text for references.
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Calcium Channel for Exocytosis 97

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**
(33,34). It has also been reported that T-type channels can be blocked by l-octanol, amiloride,
and the antihypertensive drug mifebradil (35).

B. High-Voltage—Activated Channels

HVA channels are characterized by their activation by strong depolarizing steps (33,34), 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 channels have
been identified. The major differences between them are related to their inactivation kinetics
and their pharmacological properties.

L-Type Ca** Channels

L-type (for long-lasting) Ca®* channels are kinetically characterized by showing little inactiva-
tion during depolarizing steps (Tj, ~>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. Pharma-
cologically, L-type Ca" channels are highly sensitive to DHPs (Table 2) and both agonists (i.e.,
Bay K 8644) and antagonists (i.e., nifedipine, nimodipine, furnidipine). DHP agonist effects are
characterized by the prolongation of the mean open time for channel (36), typically observed
in whole-cell electrophysiological recordings as a prolongation of tail currents (37).

Other organic compounds have been described to block effectively L-type Ca?" channels
(38,39): The arylalkylamines (i.e., verapamil) and benzothiazepines (i.e., diltiazem) are particu-
larly useful in cardiac and smooth muscle cells, where they exert negative inotropic effects.
Some piperazine derivatives (cinnarizine, flunnarizine, dotarizine, R56865) also block L-type
Ca** channels, but they also block other subtypes of Ca* channels, and thus have been proposed
as ‘“‘wide-spectrum’’ Ca®" channel blockers (40-42). As described before, some toxins have
also been shown to block L-type Ca*>" channels either selectively (calciseptine and calcicludine)
or in a nonselective manner (m-agatoxin IA, w-agatoxin IIA, and w-agatoxin IIIA).

N-Type Ca?* Channels

N-type Ca?* channels display a faster inactivation kinetics (Tj,, 50—80 ms) than that of L-type
channels. 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 noninactivating 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’” (43).
Single-channel conductance of N-type channels has been estimated to be around 13 pS.

Pharmacologically, N-type Ca®* channels are characterized by the irreversible blockade
induced by the Conus geographus toxin ®-conotoxin GVIA (1,36,44) and the reversible block-
ade induced by the Conus magus toxin ®-conotoxin MVIIA (see Table 2) (13,14). Other wide-
spectrum toxins such as ®-conotoxin MVIIC and ®m-conotoxin MVIID (15,45) can also block
N-type Ca®" channels in a nonselective manner. This is also the case for m-agatoxin ITA, -
agatoxin IITA, and ®-grammotoxin SIA (isolated from the venom of the tarantula Grammostola
spatulata).
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98 GARCIA ET AL.

P-Type Ca>* Channels

P-type Ca’" channels were first described by Llinas et al. (29) in cerebellar Purkinje cells in
which Ca®" currents were resistant to blockade by DHPs and ®-conotoxin GVIA. The toxin
fraction from the venom of the funnel-web spider Agelenopsis aperta (FTX) was found effec-
tively to block this resistant current, and these results led these Llinas et al. 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 they do not inactivate during depolarizing steps (27,46,47); multiple sin-
gle-channel conductances have been described for P-type Ca>" channels (48,49).

Pharmacologically, P-type Ca** channels can be blocked by FTX and its synthetic ana-
logue sFTX and by m-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 2). P-type Ca>* channels can also be blocked in a nonselective manner by
o-conotoxin MVIIC (15,45), w-conotoxin MVIID, and ®-grammotoxin SVIA (50-53).

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, m-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 Conus magus ®-
conotoxin MVIIC (15,45) led to the identification and characterization of a new subtype of
HVA channel termed Q (54-56).

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 ®-conotoxin MVIIC (1-3 uM).
Increasing concentrations of w-agatoxin IVA (up to 2 UM) can also block Q-type Ca** channels
(56). It should be noted that these toxins used to identify Q-type channels are not selective for
this subtype of channel, and they also block in a nonselective manner N- and P-types. Other
toxins that can also block this subtype of Ca>" channel include the Conus magus snail toxin
-conotoxin MVIID (45) and the Grammostola spatulata tarantula toxin @-grammotoxin SITA
(50-53).

R-Type Ca’* Channels

In neuronal tissues, a residual Ca** current, characterized by its insensitivity to blockade by
DHPs, m-conotoxin GVIA, w-agatoxin IVA, and ®-conotoxin MVIIC has also been described
and termed R-type (for resistant (54,55). This new subtype of Ca>* channel belongs to the HVA
group, is rapidly inactivating (T = 22 ms), and is more sensitive to blockade by Ni** (IC50 =
66 WM) than to Cd**. No pharmacological tools are actually available to block this subtype of
channel.

V. 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 con-
trolled by N channels in the chick and by P channels in the rat (57). On the other hand, neuro-
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Calcium Channel for Exocytosis 99

transmitter release at the muscle endplate is controlled by N channels in fish (58—60) and am-
phibians (61) and by P channels in mammals (62).

Detailed comparative electrophysiological studies among six mammalian species have
been performed only in adrenal medullary chromaffin cells (Fig. 2). L-type Ca** channels ac-
count for nearly half of the whole-cell Ca** channel current in the cat (63), rat (64), and mouse
chromaffin cells (65). In pig (66), bovine (67,68), and human species (69), L channels carry
only 15-20% of the whole-cell Ca** current.

The N channels also shows a high interspecies variability. In the pig, it carries as much
as 80% of the whole-cell Ca*" channel current (66), and in the cat, 45% (63); in bovine (70),
rat (64), mouse (65), and human chromaffin cells (69), 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 synthetic funnel-web toxin sFTX (67), 1 uM m-agatoxin IVA (68), or 100 nM ®-agatoxin
IVA (71) as much as 40—55% of the whole-cell Ca®* channel current was attributed to P chan-
nels. Later on we learned that concentrations of m-agatoxin IVA higher than 10-20 nM in
addition of P channels (27,47) also block Q channels (56). Thus, nanomolar concentrations of
w-agatoxin IVA known to block fully and selectively P channels (27,47) cause only 5-10%
blockade of Ca>" channel current in bovine chromaffin cells (72). In cat chromaffin cells, com-
bined w-conotoxin GVIA plus nisoldipine blocked 90% of the current, leaving little room for

HUMAN BOVINE PIG

CAT

70|

5%

Figure 2 Relative proportions of different neuronal Ca®" channel subtypes in chromaffin cells isolated
from bovine, rat, mouse, cat, pig, and human adrenal medullary tissues.
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P channels (63). In rat (64) and mouse (65), the w-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 o, subunit into
P and Q channels (73), suggest 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 ®-conotoxin MVIID or by 2 UM w-agatoxin IVA. In bovine chromaffin cells, ®-conotoxin
MVIID blocks the N current reversibly, whereas ®w-conotoxin MVIIC does so irreversibly (16);
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** (72,74)
or Ca*" (14). Taking into consideration these methodological problems, we believe that the
fraction of current carried out by P/Q channel amounts to 50% (72). This fraction is even higher
(60%) in human chromaffin cells (69). The opposite occurs in pig (66) and cat chromaffin cells
(63) where P/Q channels carry only 5% of the current. Finally, in rat chromaffin cells, P/Q
channels contribute 20% to the current (64) and in the mouse 30% (65).

We do not know yet what is the physiological relevance of these drastic species differ-
ences. But surely 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 (i.e., voltage-
dependent or Ca;**-dependent inactivation of Ca** channels could also explain the preferential
expression of one or another channel type in a given species. Also, the selective segregation of
a given channel type to exocytotic microdomains, and the uneven geographical distribution of
other channel types, might also decide a given neurosecretory cell to express preferentially one
or another channel type.

VI. MOLECULAR STRUCTURE OF CALCIUM CHANNELS

Voltage-gated Ca*" channels are basically a multiple subunit protein complex consisting of a
pore-forming o, subunit and several auxiliary subunits, which include the intracellular 8 subunit
and a disulfide linked o,/ subunit. In some tissues, a fifth subunit may also form part of the
channel complex, such as the transmembrane y subunit found in skeletal muscle or the neuronal
P95 subunit. Figure 3A represents the hypothetical subunit arrangement for the skeletal muscle
high-voltage—activated Ca** channels. The functional diversity found among different subtypes
of Ca’" channels can be explained attending to molecular differences of the channels due to
(1) the existence of multiple genes encoding different classes of o, and [ subunits as well as
diverse variants from a single gene generated by alternative splicing; and (2) multiple possible
combinations among the subunits which make up the channel complex.

A. Structural Diversity of Ca?* Channel «; Subunits

Expression studies have shown that voltage-activated channel function, which is typical for the
L-, N-, P-, Q-, R, and T-type Ca** channels, is carried by the corresponding o/, subunit. This
subunit confers the characteristic pharmacological and functional properties of Ca>" channels,
although their function and properties are modulated by association with the other auxiliary
subunits.
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o, subunit
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Figure 3 (A) Subunit structure arrangement of the L-type Ca®* channel from skeletal muscle. (B) Pro-
posed transmembrane folding model for the Ca** channel o, subunit which contains the o, subunit interac-
tion domain (AID) for the B subunit binding.

The Ca>* channel o, subunits isolated, sequenced, and expressed so far can be grouped
in seven different classes (0.5, Oic, Oip, OLig, OLia, O, and ). It is generally agreed that some
of these subunits encode functional L-type (05, Otic, Olp), N-type (o), and P/Q-type (0;4)
Ca’* channels. However, the correspondence of o g to a functional channel remains controver-
sial, since it has been suggested that it would encode either one R-subtype Ca** channel and/
or a T-subtype. At the beginning of 1998, Pérez-Reyes and colleagues cloned a new o, subunit
referred as ol,g; this being the first member of the low-voltage—activated Ca®* channel family,
which clearly appears to support the classic T-type Ca** channel activity (75). The finding of
this subunit does not mean that only one subtype of T-type Ca*" channel exists, since the same
group has reported a close relative gene highly expressed in heart, referred to as oy, which
also supports a typical T-type channel activity. Table 3 summarizes the nomenclature for the
Ca?* channel o, genes known to date as well as the homology among their members. The Table
3 also relates each gene with its functional correlate Ca®>* channel type as well as the major
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Table 3 Voltage-Activated Ca>* Channel o, Subunit Genes

Gene Functional
Homology percentage product channel Sites of expression
20 40 60 80 100 HVA
_: 0D ceveevennens L-type Brain, pancreas, PC12 and GH3 cells
[0 AT L-type Heart, brain, aorta, lung, fibroblast, kidney,
PC12 and GH3 cells
L Ols e L-type Skeletal muscle
(02T T N-type Brain, peripheral neurons, and PC12 cells
_: Brain, cerebellum, Purkinje and granular
cells, kidney, PC12 cells.
Brain, heart
Brain, heart
Heart

HVA, high voltage-activated Ca’" channel; LVA, low voltage-activated Ca** channel.

sites of expression. The diversity of o, genes found, together with the alternative splicing from
each single gene, adds a large structural diversity to the multitude of Ca** channel o, gene
subproducts.

In spite of the divergence among different o, genes, the deduced amino acid sequence of
all Ca** channel o, subunits show a basic generalized secondary structure (see Fig. 3B) that
consists of four internal repeated motifs (I-IV). Each motif being comprised of six a-helical
transmembrane segments (S1-S6), including one (S4) that is the positively charged voltage
sensor. Also, a specific region exists in all the cloned o, subunits, with the exception of o,
which is a highly conserved sequence of the cytoplasmic linker loop between motif I and II.
This region is known as the o, subunit interaction domain (AID) for the binding of B subunits
in the Ca*" channel.

B. Other Ca?* Channel Subunit Genes

The intracellular 3 subunit of voltage-activated Ca** channel is also represented by a multigene
family and, up to now, a minimum of four genes have been established with alternative splicing
(76-81). Therefore, potential combinations of 12 mature messages can coexist in various tissues.
Table 4 summarizes the B subunit genes described so far according to the more recent consensus
nomenclature (82). The Table 4 also shows the known splice variants from each gene and some,
but not all, of the expression sites of mature p messenger RNAs.

The o,/d protein is a heavily glycosylated protein derived from a proteolytic cleavage of
a single gene with alternative splicing that gives rise to the existence of five messenger RNA
species (0, ) (83). Although some tissues, such as skeletal muscle and brain, seem to express
single isoforms of this protein (o.,, and 0.y, respectively), the cardiovascular system expresses
all five splice variants (84). The o, and & polypeptides are connected by a disulfide bond, and
recent data (85) suggest that the o, was entirely located outside the cell, whereas the & polypep-
tide anchors the whole protein to the membrane through a single transmembrane domain (see
Fig. 3A). The o, extracellular location restricts its interactions with the Ca®" channel to the
extracellular domains of the o, subunit. Also, one gene has been described for the transmem-
brane Y subunit apparently without the existence of any splice variants (80,86).
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Table 4 Voltage-Activated Ca>" Channel B Subunit Genes

Gene Splice

product  variant  Sites of expression Component of

B B Skeletal muscle DHP receptor
B Brain, heart ®-Conotoxin GVIA and MVIIC receptors
B Brain, heart ?
B  ND ?

B, Ba Brain, heart ®-Conotoxin MVIIC receptor
Bas Brain, heart ?
Ba Brain, heart ?
Bog ND ?

B3 B Brain, heart -Conotoxin GVIA and MVIIC receptors
B  ND ?

B Bua Brain -Conotoxin GVIA and MVIIC receptors
Bus ND ?

ND, not determined.

Extensive studies on the o, B, and o,/3 subunits of voltage-dependent Ca** channels have
been performed; however, little is known about the structure of the 95-kD protein associated with
neuronal Ca®" channels and whether it forms part of any of the neuronal Ca** channel complex;
preliminary data suggested that it could be the fifth subunit of the N-type Ca** channel. However,
Campbell’s group reported that this protein, surprisingly, is associated with the P/Q-type Ca**
channel (87) and not with the N-type channel. Furthermore, the 95-kD protein is a short form
of the o, subunit which contains approximately the first half (motif I and II) of the full-length
o1 subunit, including the binding region (AID) for the B subunit. This finding suggests the
possibility, among others, that the 95-kD protein would compete with the full-length o.;, subunit
for the B auxiliary subunit binding, affecting the functional activity and expression of the
channel.

C. Modulation of the «; Activity by the Other Ca?* Channel Auxiliary
Subunits

Although all classes of o, subunits direct the expression of functional Ca?* channels in different
expression systems (i.e., Xenopus oocytes, mouse fibroblast L cells, or HEK293 cells), the contri-
bution of the Ca** channel auxiliary subunits to the native properties of the channel complex
was unknown until the first o, B, and Y cDNAs, obtained from rabbit skeletal muscle, became
available (76,86,88). In recent years, cloning of new subunit genes and splice variants has al-
lowed a great increase in the number of potential combinations among ¢, and other subunits.

The results obtained until now show that coexpression of several classes of B-subunits
with different o, subunits alters the voltage dependence, kinetics, and magnitude of the Ca**
channel current, with different effects depending on the particular § and o, subunits used (89—
94).

The most complete studies about the role of auxiliary subunits within the Ca>* channel
complex have been done with the neuronal o4, the skeletal muscle a5, and the cardiac oc
subunits. Therefore, the coexpresion of four different B subunit genes (B, B2, B3, and By) with
the o, subunit dramatically increases the current amplitude expressed in oocytes. All B subunits
trigger significant changes in the voltage-dependence of both activation and inactivation. The
o,/3,, subunit does not modify the properties of the o, subunit in the absence of (3 subunits.
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104 GARCIA ET AL.

However, it increases the B-induced stimulation in current amplitude and also regulates the -
induced change in inactivation kinetics. Both o,/8, and B, slightly modified the sensitivity of
the o, subunit to w-conotoxin MVIIC (94). The mechanisms responsible of the o,/d effects
are not known, although it has been suggested that o,/d subunits may stabilize incorporation
of the channel complexes in the membrane and also increase the binding affinity of channels
for w-conotoxin.

It has been also demonstrated that B subunits increase the peak current induced by the
expression of cardiac o, and this effect can be correlated with an increase in the number of
DHP binding sites (77,79). Since DHPs bind on the o, subunit, the increase both in the current
and in the number of dihydropyridine binding sites would suggests that 3 subunits act by increas-
ing the number of channels present at the plasma membrane. However, gating charge measure-
ments (95) and immunoblot analysis (96) demonstrate that the number of o,c subunits expressed
at the plasma membrane was not altered by the 3 subunits. In order to reconcile these apparently
contradictory results, it was hypothesized that B subunits could induce important conformational
changes on the o/;c subunit which in turn would increase not only the opening probability of
the channel but also the accessibility of the drug to its binding site.

Vil. 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
o-toxin blockade of neurosecretion) control the release of neurotransmitters depending on the
synapse, the neurotransmitter, and the animal species. Tables 5—-8 summarize how Ca** entry
through different Ca** channel subtypes controls neurotransmitter release at different sites of
the central and peripheral nervous system, motor nerve terminals, and chromaffin cells.

A. 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 ®-conotoxin GVIA (97).
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
supressed by ®-conotoxin GVIA (58). On the other hand, in rat brain synaptosomes, the produc-
tion of inositol phosphate and secretion of norepinephrine is insensitive to ®-conotoxin GVIA,
but sensitive to w-agatoxin IVA (98). 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 neuro-
transmitter release is predominately controlled via an N-type Ca** channel. In rat brain synapto-
somes, L- and 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 (99) measured [*H]-glutamate release from rat cortical synaptosomes
as an assay for presynaptic calcium channel activity. In this system, they observed that the
efficacies of w-agatoxin IVA and w-conotoxin GVIA and MVIIC were increased when calcium
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Calcium Channel for Exocytosis 105

influx was decreased by decreasing the KCI concentration to diminish the extent of depolariza-
tion, 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 w-agatoxin IVA with an ICs, of 12.2 nM and ®-conotoxin MVIIC with an ICs,
of 35 nM, which are 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,
less than 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 w-agatoxin IVA or w-conotoxin MVIIC (1uM) 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.

B. Striatum

In the striatum, neurotransmitter release is controlled by different Ca®* channels. Dopamine
release induced by K* is blocked approximately 30% by w-conotoxin GVIA (98,100), although
dopamine release evoked by electrical stimulation is almost completely inhibited by ®-conotoxin
GVIA (100). Turner and cowokers (98), using subsecond measurements of glutamate and dopa-
mine release from rat striatal synaptosomes, showed that P-type Ca** channels, which are sensi-
tive to m-agatoxin IVA, trigger the release of both neurotransmitters, although dopamine (but not
glutamate) was also partially blocked by ®-conotoxin GVIA—sensitive Ca®" channels. Another
interesting observation by these investigators is that the blockade of neurotransmitter release is
voltage dependent. With strong depolarizations (60 mM K™), neither w-agatoxin IVA nor ®-
conotoxin GVIA was effective alone, although a combination 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, whereas
o-conotoxin GVIA (1 uM) blocked dopamine release by 25% and left unaffected glutamate
release. The results suggest that multiple Ca®* channel subtypes coexist to regulate neurosecre-
tion under normal physiological conditions in the majority of nerve terminals, whereas P-type
and m-conotoxin GVIA- and w-agatoxin IVA-resistant channels coexist in glutamatergic termi-
nals. Such an arrangement could lend a high degree of flexibility in the regulation of transmitter
release under diverse conditions of stimulation and modulation.

C. Hippocampus

In the hippocampi of rabbits, Doodley at al. (101) demonstrated that electrically induced release
of dopamine, 5-hydroxytryptamine, and acetylcholine was similarly blocked (about 40%) by
nanomolar concentrations of ®-conotoxin GVIA. Under the same experimental conditions, dopa-
mine release from the corpus striatum and norepinephrine release from the neocortex were also
blocked 40% by w-conotoxin GVIA (5 nM). Using a superfusion system with subsecond tempo-
ral resolution, Luebke et al. (102) studied the effects of m-conotoxin GVIA and w-agatoxin IVA
on glutamate release from rat hippocampal synaptosomes. K*-induced release of glutamate was
inhibited 16% by w-conotoxin GVIA and 40% by w-agatoxin IVA; such blockade was increased
when lower concentrations of K™ were employed to induce secretion. The amplitude of excit-
atory postsynaptic potentials in CAl pyramidal neurons was reduced by m-conotoxin GVIA
and w-agatoxin IVA, although w-agatoxin IVA was more rapid and more efficacious (102).
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Table 6 Control of Neurotransmitter Release by P-Type Ca*" Channels

w-Agatoxin IVA %
Neurotransmitter Preparation [uM] Inhibition Reference
Acetylcholine Phrenic nerve (guinea pig) 0.02 >95 155
Phrenic nerve hemidiaphragm (mouse) 0.1 92 117
Phrenic nerve hemidiaphragm (rat) 0.1 0 117
Catecholamines = Chromaffin cells (bovine) 0.1 35 71
GABA Deep cerebellar neurons (rat) 0.2 98 103
Glutamate Brain synaptosomes (rat) 0.2 56 28
Cortex synaptosomes (rat) IC50 = 12.2 nM 53
Hippocampal synaptosomes (rat) 0.2 40 102
Hippocampal CA1 pyramidal cells (rat) 0.2 25 103
Glycine Dorsal horn neurons of the spinal cord 0.2 98 103

(rat)

GABA, gamma-aminobutyric acid.

Thus, at least two 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 CAl 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. (56) showed that m-conotoxin GVIA blocked excit-
atory postsynaptic potentials (EPSPs) by 46%, whereas P- and L-type Ca** channel antagonists
had no effect. In contrast ®-conotoxin MVIIC (N-P-Q Ca?* channel blocker) inhibited 100%
of the EPSPs. This suggests that hippocampal synaptic transmitter release is regulated by the
N- and Q-subtypes of Ca** channels. Measuring excitatory postsynaptic currents (EPSCs) from
hippocampal CA1 pyramidal neurons,Takahashi and Momiyama (103) demonstrated that synap-

Table 7 Control of Neurotransmitter Release by Q-Type Ca** Channels

m-conotoxin %
Neurotransmitter Preparation MVIIC [uM] Inhibition Reference
Acetylcholine Urinary bladder (rat) 3 54 114
Atria (guinea pig) IC50 = 0.28 uM 120
Phrenic nerve hemidiaphragm (mouse) 1 80 117
Phrenic nerve hemidiaphragm (rat) 1 57 117
Chromaffin cells (bovine) IC50 = 218 nM 138
ATP Vas deferens (rat) 1C50 = 200 nM 119 3
Catecholamines = Chromaffin cells (bovine) 3 50 70 %
Glutamate Cortex synaptosomes (rat) IC50 = 35 nM 53 =
EPSPs Hippocampal synaptic transmission (rat) 5 100 56 §n
Norepinephrine  Atria (guinea pig) 0.5 100 120 g
Atria (guinea pig) IC50 = 0.19 uM 14 g
Atria (mouse) 1 100 117 E
Atria (rat) 1 100 117 =
Chromaffin cells (bovine) IC50 = 182 nM 138 %
Vasopressin Neurohypophysial terminals (bovine) 0.3 25 105 é
ATP, adenosine triphosphate; EPSPs, excitatory postsynaptic potentials. %
‘g
5
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Table 8 Control of Neurotransmitter Release by P/Q-Type Ca*" Channels (Using High
Concentrations of w-Agatoxin IVA)

w-Agatoxin IVA

Neurotransmitter Preparation [uM] % Inhibition Reference
Acetylcholine Urinary bladder (rat) 3 46 114
Atria (guinea pig) 3 37 120
Brain Slices (rat) 1 50 153
GABA Brain Slices (rat) 1 100 153
Glutamate Brain Slices (rat) 1 100 153
Dopamine Brain Slices (rat) 1 70 153
5-HT Brain Slices (rat) 1 50 153
Norepinephrine Atria (guinea pig) 3 21 120

GABA, gamma-aminobutyric acid; 5-HT, 5-hydroxytryptamine (serotonin).

tic 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 m-agatoxin IVA).

The release of the neuropeptide dynorphin is controlled by different Ca®>* channels de-
pending 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 hippo-
campal granule cells (104).

D. Cerebellum

Inhibitory postsynaptic currents (IPSCs) evoked in neurons of the deep cerebellar nuclei by
stimulating presumptive Purkinje cell axons were reversibly abolished by bicuculline, indicating
that the responses were mediated by GABA. The application of mw-agatoxin IVA (200 nM)
blocked IPSCs’ amplitude by 50%, whereas the L-type Ca?* channel blocker nicardipine had
no effect (103), indicating that GABA release from Purkinje cell axons is mediated via Ca>*
entry through P-type Ca®* channels.

E. Neurohypophysis

Neurohypophysial terminals exhibit besides L- and N-type currents; another component of the
Ca?* current that is blocked by low concentrations of ®-conotoxin MVIIC or by high concentra-
tions of w-agatoxin IVA indicating the presence of a Q channel. In the study performed by
Wang and coworkers (105), they demonstrated that secretion of vasopressin is controlled by N,
L, and Q channels, whereas that of oxytocin is regulated mainly by N and L channels with no
participation of Q channels.

F. Sympathetic Neurons

In rat sympathetic neurons, whole-cell recordings have provided evidence for the presence of
two subtypes of Ca?" channels, the N- and the L-type (36), although norepinephrine release is
predominantly blocked by ®-conotoxin GVIA (106,107). 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

MaRcEL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

U



110 GARCIA ET AL.

(1 uM) blocked over 80% of norepinephrine synthesis induced by high K*, whereas nicardipine
had no effect, indicating that Ca** entry through N-type Ca?* channels play a major role in
norepinephrine synthesis (108).

G. Retinal Ganglion Neurons

Glutamatergic synaptic responses in rat retinal ganglion neurons is partially sensitive to ®-
conotoxin GVIA (30% block) and insentive to m-agatoxin IVA (109). 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.

H. Spinal Cord and Dorsal Root Ganglion Neurons

In cocultures of fetal neurons from the 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 the ventral half of the spinal cord (VH-VH connections) or between dorsal root
ganglion neurons and VH neurons (DGR-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. ®w-Conotoxin GVIA produced no
consistent effect on EPSPs or IPSPs elicited by VH neurons by stimulation of the nearby neu-
rons. VH EPSPs elicited by stimulation of the nearby DGR neurons were reduced 50% by -
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
(110).

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

. Intestinal Tract

Electrically evoked release of acetylcholine is predominantly controlled through N-type Ca**
channels at the myenteric plexus (62,111,112). ®w-Conotoxin GVIA markedly reduced (70%)
the evoked release of [*H]-acetylcholine from the myenteric plexus of the small intestine, with
an IC50 of 0.7 nmol/L; the potency was similar at 3- and 10-Hz stimulation. An increase in
the extracellular Ca** concentration attenuated the inhibitory effect of w-conotoxin GVIA (62).
No species difference was observed as to the channel controlling Ca®>" entry for transmitter
release.

In the guinea pig jejunum, ®-conotoxin GVIA blocked only partially (33%) the inhibitory
nonadrenergic noncholinergic (NANC) transmission on electrical stimulation. This was also the
case at the taenia caecum (20% inhibition) (112). In the proximal duodenum, the NANC trans-
mission was insensitive to ®-conotoxin GVIA (113).

Therefore, cholinergic transmission at this level seems to be regulated by Ca** entering
through N-type Ca** channels, whereas NANC transmission is regulated by another Ca*" entry
pathway besides N channels.
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J. Lower Urinary Tract

In the rat or guinea pig isolated bladder, m-conotoxin GVIA produced a concentration and time-
dependent inhibition of twitch responses to field stimulation without affecting the response to
exogenous acetylcholine. In the rat bladder, the maximal effect did not exceed 25% inhibition,
whereas a much larger fraction of the response (70%) was inhibited in the guinea pig bladder.
In the rat bladder, the effects of ®-conotoxin GVIA were frequency dependent; maximal effects
of ®-conotoxin GVIA were observed at 2—5 Hz. Frew and Lundy (114) 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 m-conotoxin MVIIC,
which in addition to N and P also blocks Q channels. Further experiments carried out by Water-
man (115) in mouse bladder using calcium channel toxins demonstrates that acetylcholine re-
lease in these parasympathetic neurons depends primarily on N-type channels and to a lesser
extent on P- and Q-type channels, whereas adenosine triphosphate (ATP) release involves pre-
dominantly P- and Q-type channels.

In the rabbit urethra and detrusor, Zygmunt et al. (116) have studied the effects of ®-
conotoxin GVIA on adrenergic, cholinergic, and NANC responses induced by electrical stimula-
tion. 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 ®-conotoxin GVIA. The adrenergic contraction of the urethra was 10
times and the cholinergic contraction in the detrusor was 3 times more sensitive to (®-conotoxin
GVIA than the NANC responses. These results suggest that NANC transmission is less sensitive
to m-conotoxin GVIA than transmission mediated by adrenergic and cholinergic nerves in the
rabbit lower urinary tract.

K. Vas Deferens

In rat or guinea pig isolated vas deferens, ®-conotoxin GVIA (1 nM to 1 uM) produced concen-
tration and time-dependent inhibition of the response to electrical field stimulation, whereas the
response to K*, norepinephrine, or ATP was unaffected. A concentration as low as 1 nM pro-
duced almost complete inhibition of twitches, but this effect took about 1 h to be completed.
With higher concentrations, the time course of the inhibition was much faster (113). In a study
performed by Wright and Angus (117) in rat and mouse vas deferens, they observe that ®-
conotoxin GVIA (10 nM) and ®-conotoxin MVIIC (1 uM) block completely the twitch re-
sponses when they are induced at low frequencies (0.05 Hz); but when higher frequencies are
used (20 Hz), there is a ®-conotoxin GVIA-resistant component that can be blocked by 1 uM
w-agatoxin IVA or m-conotoxin MVIIC. These results indicate that sympathetic transmission
in the vas deferens is mainly controlled by Ca®* entering N channels, although when high-
frequency stimulation is employed (20 Hz), P/Q-type channels are also implicated (117).

As to the purinergic transmission in the vas deferens, Hata et al. (118) 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 (119), electrically induced twitch responses of the prostatic segment of the rat
vas deferens, which depends mainly on ATP release, was fully blocked by nanomolar concentra-
tions of m-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 predomi-
nantly controlled by N-type Ca>* channels.
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L. 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 neurotrans-
mitter release have been studied by various investigators. Vega et al. (14) have shown that
electrically stimulated guinea pig left atria are sensitive to N-type Ca>" channel blockers. Thus,
-conotoxin GVIA and ®-conotoxin MVIIA blocked the inotropic response in a concentration-
dependent fashion with IC50 values of 0.20 and 0.044 uM, respectively. The N-P-Q channel
blocker ®-conotoxin MVIIC showed an IC50 of 0.19 uM; m-agatoxin IVA had no effect. These
results were confirmed later by Wright and Angus (117) in the right atria of mouse and rat,
where they saw full inhibition of contraction with 100 nM ®-conotoxin GVIA.

Hong and Chang (120) 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 ®-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 (14,120).

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,
whereas that of norepinephrine from sympathetic nerves is controlled by an N-type Ca** channel.

M. Motor Nerve Terminals

Neurotransmitter release at this level is controlled by different Ca** channels depending on the
species. 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. w-Conotoxin GVIA blocks the release of acetylcholine and Ca®" uptake induced by
depolarization in electric organ nerve terminals of the ray; the IC50 values were 3 UM for
blocking transmitter release and 2 UM for blocking Ca®* entry (58). Sierra et al. (60) have also
shown that N-type Ca®" channels mediate transmitter release at the electromotoneuron-electro-
cyte synapses of the weakly electric fish Gymnotus carapo; ®-conotoxin GVIA (2.5 uM) blocked
over 95% of the endplate potential (EPP), whereas w-agatoxin IVA and nifedipine had no effect.
In contrast to these data, in Torpedo synaptosomes, Farifias et al. (59) showed that ®-conotoxin
GVIA (1078 to 5 X 107> M) had a differential effect on acetylcholine and ATP release: Nucleo-
tide release was inhibited 90% at the highest concentration tested, whereas acetylcholine release
was only moderately decreased (30%). In the frog neuromuscular junction, Jahromi et al. (61)
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 acetyl-
choline 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 ®-conotoxin GVIA (63). In the mouse, endplate potentials (EPPs) 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, m-agatoxin IVA at 100 nM blocked 92% of the twitches whereas in the
rat, w-agatoxin IVA (=100 nM) and m-conotoxin GVIA (=1 uM) had little effect, although,
w-conotoxin MVIIC caused 57% blockade (117). In normal human muscles, Protti et al. (121)
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have shown that transmitter release at the motor nerve terminals is mediated by a P-type calcium
channel.

N. Chromaffin Cells

Chromaffin cells contain different subtypes of Ca** channels at their plasmalemmal membrane.
The presence and proportion of the various subtypes of Ca*" channels depends on the animal
species (see Fig. 2). Therefore, secretion of catecholamines from these cells will presumably
be controlled in a different manner according to the Ca" channels it contains. In this section,
we will review how catecholamine secretion is controlled in four different animal species (cat,
cow, rat, and dog) and how some subtypes of Ca** channels are more directly implicated in
the control of exocytosis.

Cat Chromaffin Cells

Secretion of catecholamines is effectively blocked in a concentration-dependent manner by
DHPs and by other drugs acting on L-type Ca** channels like verapamil and diltiazem (122).
Measuring differential secretion of epinephrine and norepinephrine, Cardenas et al. (123) dem-
onstrated that secretion of both amines is completely blocked when secretion is induced either
by high K* or the nicotinic agonist dimethylphenilpiperazinium (DMPP). All these data indi-
cated that secretion in these cells was controlled by an L-type channel. But Albillos et al. (63)
showed that cat chromaffin cells also contained m-conotoxin GVIA—sensitive channels besides
L type. It was then demonstrated that HVA 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*) was also reduced by 44% by furnidipine and 43% by m-cono-
toxin GVIA. In the perfused adrenal gland or in isolated cat chromaffin cells, catecholamine
release induced by 10 s pulses with 70 mM K* was blocked over 95% by furnidipine and about
25% by w-conotoxin GVIA. These results show that, although Ca** entry through both channels
(N and L type) lead to similar increments of the average [Ca®"];, the control of catecholamine
release is dominated by Ca*' entering through L-type Ca®" channels (124).

Bovine Chromaffin Cells

Catecholamine secretion from bovine chromaffin cells is greatly potentiated in the presence of
the dihydropyridine agonist Bay K 8644; this increase in secretion went in parallel with an
increase in ¥*Ca uptake (125). Cefia et al. (126) showed complete blockade of catecholamine
release ([*H]-norepinephrine) by nitrendipine in bovine chromaffin cells stimulated with high
K*. These results disagreed with those obtained by other investigators who found that blockade
of secretion in bovine chromaffin cells by DHPs did not exceed further than 40-50% (127-
129).

When toxins were available to block selectively other subtypes of Ca** channels, it was
demonstrated that these cells contained other Ca** channel subtypes besides L; that is N, P, and
Q type (67,68,130—133). m-Conotoxin GVIA is ineffective or very little effective in blocking
catecholamine secretion (70,71,127,129,134—-136).

As to the contribution of P-type Ca>* channels to secretion of catecholamines, we find
different results in the literature. Granja et al. (137) found that catecholamine secretion induced
by high K* remains unaffected by w-agatoxin IVA (100 nM); nevertheless, when secretion was
activated by nicotine, catecholamine release was significantly blocked by 50%. Thus, Granja
et al. (137) concluded that w-agatoxin IVA could also be acting on the nicotinic receptor. Duarte
et al. (135) showed that FTX decreased the K*-evoked norepinephrine release to 25% and epi-
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nephrine release to 39%; the combination of FTX plus nitrendipine further decreased norepi-
nephrine and epinephrine release to 12 and 24%, respectively, of the control. The latest results
obtained by Baltazar and coworkers (138) show that the bovine chromaffin cell contains two
types of m-agatoxin IVA—sensitive Ca>" channels and that the contribution of P-type channels
to secretion is larger at low levels of depolarization.

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

Further studies performed by Lara et al. (139) suggest that Q-type channels are coupled
more tightly to exocytotic active sites as compared to L-type channels. This hypothesis is
founded on the fact that external Ca** entering the cell through a Ca** channel located near to
chromaffin, vesicles will saturate the K* secretory response at both [Ca?*],; that is, 0.5 mM.
In contrast, Ca" ions entering through more distant channels will be sequestered by intracellular
buffers and thus, will not saturate the secretory machinery at lower [Ca**],.

Rat Chromaffin Cells

DHPs block secretion in rat adrenal glands in a concentration-dependent manner. The magnitude
of such blockade is related to the type of stimuli employed to induce secretion. The DHP isradi-
pine can fully block secretion when the stimuli used is K™ or nicotine. In contrast, when electrical
field stimulation is used, only partial blockade is obtained with DHPs, such inhibition being
frequency dependent (140). Measuring Ca®>" currents and capacitance, Kim et al. (141) have
shown that ®-conotoxin GVIA (1 uM) blocks 40% and nicardipine approximately 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.

Dog Chromaffin Cells

Kimura et al. (142) have studied the effects of w-conotoxin GVIA and L-type blockers (nifedi-
pine and verapamil) on catecholamine release in anesthetized dogs. Catecholamine release into
the blood stream was induced either by electrical field stimulation of the splanchnic nerve or
by intra-arterial injection of acetylcholine. Administration of 0.4 ug/mL of ®m-conotoxin GVIA
reduced catecholamine secretion by 30% when electrical stimulation was used; under these
experimental conditions, nifedipine (1 pg/mL) or verapamil (10 pug/mL) had no effect. When
catecholamine release was induced by acetylcholine, ®-conotoxin GVIA blocked secretion ap-
proximately 50% and nifedipine also reduced it by 50%. These results suggest that N- and L-
type Ca®" channels located in the adrenal medullary cells may contribute to the release of adrenal
catecholamines in the dog adrenal.

VIll. DIFFERENT EFFICACIES OF THE »-TOXINS DEPENDING ON THE
CONCENTRATION OF CALCIUM THAT ENTERS THE CELL

In addition to this review, it has been shown that, in the majority of the synapses, several types
of Ca®* channels coexist together and, on the other hand, that the efficacy of the different chan-
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nels to control exocytosis varies with the degree of depolarization and the concentration of
external Ca** used to perform the experiments. There are different examples in the literature
that demonstrate this fact. Turner and coworkers (99) observed that the efficacies of w-agatoxin
IVA and w-conotoxin GVIA to block glutamate release from rat cortical synaptosomes increased
when Ca?* influx was reduced by decreasing the external concentration of KCI, to diminish the
extent of depolarization, by decreasing the external concentration of Ca’**, or by partially
blocking Ca*" influx with one of the other antagonist. For example, glutamate release was inhib-
ited by w-conotoxin MVIIC with an IC50 of 200 nM when stimulation of secretion was induced
with 30 mM of KClI, but 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
synaptosomes (98) could be blocked by m-agatoxin IVA and m-conotoxin GVIA when they
used mild depolarizations with KCI, but with strong depolarization neither toxin was effective
alone, although a combination of both toxins produced a synergistic inhibition of 60—80% of
Ca?"-dependent dopamine release.

Transmitter release in parasympathetic neurons in the mouse bladder shows a similar
pattern when contraction of bladder strips was stimulated by single pulses or trains of 20 pulses
at 1-50 Hz. Waterman (115) observed that w-conotoxin GVIA and MVIIC inhibited contrac-
tions in a concentration-dependent manner with IC50 values of approximately 30 and 200 nM
at low frequencies of stimulation; the same toxins had little effect at high frequencies of stimula-
tion.

In a review by Dunlap et al. (143), they tried to give an explanation for why with strong
depolarizations exocytosis of the neurotransmitters is unaffected when a single toxin, what is,
a single Ca’" entry pathway, is blocked, but a synergic inhibitory effect is observed when a
combination of the toxins or two Ca** entry pathways are blocked, or why in a synapses with
several calcium channel subtypes, when one tries to sum up their individual inhibitory effects,
the values obtained are greater than 100%. These findings are explained by the presence of
‘‘spare channels,”” Under conditions in which the intracellular concentration of Ca®" is saturating
for the acceptor, participation of multiple Ca®* channels might increase the reliability of excita-
tion-secretion coupling, since activation of a single channel becomes sufficient to maximize
release probability. This spare channel model might describe excitation-secretion coupling under
conditions of relatively strong stimulus, such as high-frequency trains of action potentials or
with prolonged depolarizations using increasing concentrations of K*. Biochemical modifica-
tions (such as phosphorylation) that increase the sensitivity of the Ca** acceptor would also
predict an increase in the probability of release elicited by entry of Ca** through a single channel.
Under such conditions, the binding affinity of Ca** channel antagonists would be underestimated
by their effect on synaptic transmission, since blockade of one of several channels at the active
zone would produce little or no effect on release. This would produce a rightward shift in the
concentration-response relationship relative to the binding curve.

Calcium dependency of the blockade of different Ca®* channel subtypes was also shown
in the study performed by Lara et al. (139) in bovine chromaffin cells, where it was demonstrated
that L and Q channels predominantely control catecholamine release. These investigators ob-
served that blockade of secretion mediated by L-type channels is not dependent on the extracellu-
lar concentration of Ca?*, whereas blockade of Q-type channels is. The explanation that these
investigators give for these findings is that that Q-type channels could be coupled more tightly
to exocytotic active sites in comparison to the L type. The physiological meaning given to this
channel distribution might be found in considering the need for a regular secretory rate during
normal activity of the body (L-type secretion) and explosive catecholamine secretion that occurs
under stressful conditions (Q-type secretion).
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IX. PERSPECTIVES

In 15 years of m-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 discov-
ered 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, and R channels? Why are different Ca** channels required to control exocytosis of
the same transmitter (i.e., acetylcholine, 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 efficiency of the process? If the N channel is a part of the secretory machinery,
what about the L, P, and 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 as those of brain synapes? 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 than those two catecholaminergic cell types? Will a K*-
depolarizing stimulus recruit Ca** channels different from those recruited by action potentials in
neurons or by acetylcholine receptors in chromaffin cells? Does the electrical pattern of different
excitable cells cause 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**
channels. Although L-type Ca?* channels have a rich pharmacology that have provided novel
therapeutic approaches to treat cardiovascular diseases, nonpeptide molecules which block or
inactivate the N, P, Q, T, and R channels are lacking. Thus, a major goal for research in this field
is the search for selective blockers of specific Ca>" channel subtypes. The recent introduction of
mibefradil as a T-type Ca®" channel blocker opens 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 serve as models to design and synthetize nonpeptide
blockers. The w-conotoxins are small peptides containing 24—29 amino acid residues. It is inter-
esting that the amino acid sequence of ®-conotoxin MVIIA is much more similar to that of ®-
conotoxin MVIIC than to ®-conotoxin GVIA; yet the pharmacology of ®-conotoxin MVIIA is
much more close 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 ®-conotoxin GVIA (144—147), ®-conotoxin
MVIIA (148), and w-conotoxin MVIIC (149,150) have been recently elucidated. Elucidation
of the structures of w-conotoxin MVIID, m-agatoxin IVA, and other new toxins will facilitate
their comparisons and the definition of structural determinants for specific binding to Ca** chan-
nel subtypes.

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 (40,41,151). Fluspirilene, a member of the diphenylbu-
tylpiperidine class of neuroleptic drugs (which also includes pimozide, clopimozide, and pen-
fluridol), has antischizophrenic actions and blocks N-type Ca>" channels in PC12 cells (152).
It may be that its neuroleptic properties are due, at least in part, to an inhibition of neuronal
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N-type Ca®>" channels. Thus, inhibition (or facilitation) of specific neurotransmitter release by
selective blockers (or activators) of Ca** channels may have functional and therapeutic conse-
quences. For instance, synthetic ®-conotoxin MVIIA protected hippocampal CA1 pyramidal
neurons from damage caused by transient, global forebrain ischemia in the rat (13). Selective
blockade of N-type Ca** channels may also be beneficial in the treatment of specific pain syn-
dromes (1). Thus, intrathecal administration of as little as 0.3 pg of ®-conotoxin MVIIA com-
pletely suppressed the nociceptive responses in the rat hindpaw formalin test. Tactile allodynia
was also selectively abolished in a rat neuropathic pain model by intrathecal administration of
m-conotoxin MVIIA at doses that did not impair motor function; the toxin was found to be 100
times more potent than morphine. It seems clear that several other neurological or psychyatric
diseases will benefit from the development of drugs that interfere selectively with different Ca**
channel subtypes.

Many questions have been answered during a decade of intense research in the field of
neuronal voltage-dependent Ca** channels. Most of the studies performed were possible only
because, particularly the group of professor Baldomero Olivera, made available to many groups
of researchers potent m-toxins to type and characterize those channels. The same is true for
research on the patch-clamp techniques, which exploded at the same time as that on ®-toxins
thanks to the efforts of the group of professor Erwin Neher. We are sure that some references
on this topic escaped our review, we apologize to those investigators inadvertently not cited
here.
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. INTRODUCTION

Saxitoxin and its analogues (STXs) are potent neurotoxins that block voltage-gated sodium
channels on excitable cells (1). These toxins are produced by several species of dinoflagellates
such as Alexandrium tamarense and A. catenella (2). During a bloom of these species, filter-
feeding bivalves become toxic by ingesting them. Human consumption of toxic shellfish results
in severe food poisoning known as paralytic shellfish poisoning (PSP) owing to its main symp-
tom, paralysis. Shellfish farming areas infested by these species run costly monitoring programs
to check for the causative dinoflagellates in the water. When these are present, regular tests for
toxins in associated seafood products such as bivalves are carried out and often result in the
prohibition of harvesting of these products. Thus, the contamination of bivalves with STXs has
posed severe problems for the shellfish culture industry as well as for public health.

Many studies have been carried out on the toxin-producing dinoflagellates and the toxins
they produce. There is much known about the taxonomy and ecology of the toxin-producing
dinoflagellates (3). The chemical structures and pharmacological properties of the toxins have
been well defined (2,4). However, little is known about the biosynthetic pathway for STXs in
the STX-producing organisms. The only information available concerning the biosynthesis of
STXs is presented by Shimizu et al. (5). They proved that the skeleton of STXSs is synthesized
from arginine and acetate (Fig. 1). However, the process of synthesis, the enzymes involved,
and the biochemical function of the toxins in toxin-producing dinoflagellates have not been
defined. In this chapter, current knowledge of the ecobiology of STXs, the toxins responsible
for PSP, is reviewed, with special emphasis on the origin of STXs and the mechanism by which
the organisms accumulate STXSs.

Il. TOXIN COMPONENTS IN ALGAL SPECIES AND SHELLFISH

STXs are produced by several species of dinoflagellates. The first dinoflagellate to be linked
with PSP was Alexandrium (formerly Gonyaulax, Protogonvaulax) catenella (Whedon et Ko-
foid) Balech, which killed six people and made 102 people ill in 1927 near San Francisco (6).
Since then, members of three genera of dinoflagellates have been reported to be involved in
PSP (7): several species of Alexandrium, Gymnodinium catenatum, and Pyrodinium bahamense
var. compressum. More than 20 derivatives of saxitoxin are found in these dinoflagellates and
shellfish (Fig. 2).

125

MaRcEL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

U



126

Kopama

Acetic acid

H,N 0!

g

H,N

/

Arginine
11

Saxitoxin

Figure 1

R, R, Ry Ry
3

H H H  STX

OH H H neoSTX

OH 080y H  GTX1

H 0S0; H  GTX2

H H 0S80y GTX3

OH H  0SO; GTX4

Figure 2 Chemical structure of saxitoxin analogues.

Arginine
N
H

NH
OH

OH - "

OH

N
OH
11

L 0504' -

Gonyautoxin 1 - 4

Biosynthesis of saxitoxin from arginine and acetate proposed by Shimizu et al.(5)

R‘\\
CHz
H H
R
1~N/'\'/N N

H
NH —0 N
2 R, \c/ \503_ R4:—OH R4:—H _
" "8
° 5
___________________________________________ §
GTX5 (B1) dcSTX doSTX %
GTX6 (B2) deneoSTX - 5
C3 deGTX1 - §
C1 dcGTX2 doGTX2 g
Cc2 dcGTX3 doGTX3 A
c4 dcGTX4 - g
s
©
=
£
(=%
S

MaRcEL DEKKER, INc. (ﬂ
270 Madison Avenue, New York, New York 10016 0



Ecobiology, Classification, and Origin 127

The recent development of a sensitive method of analyzing these toxins by high-perfor-
mance liquid chromatography (HPLC) has enabled us to demonstrate the complex toxin profiles
in toxic dinoflagellates and also contaminated shellfish (8,9). These studies revealed that a spe-
cific group of toxin components is often found in each species. For example, the major toxin
components in G. catenatum are those belonging to the N-sulfocarbamoyl toxin group such as
C toxins and gonyautoxins (GTX) 5 and 6. No significant amounts of carbamate toxins such
as GTX1-4 are detected in this species (10). P. bahamense var. compressum also shows a
characteristic toxin profile which mainly consists of GTXS5 and 6 and their carbamate counter-
parts STX and neoSTX (10). Decarbamoylsaxitoxin (dcSTX) was first identified in this species
and its associated bivalves (11).

Differences in toxin profiles have been observed among the species belonging to the genus
Alexandrium. C toxins are major components in A. tamarense and A. catenella (10), whereas
these are minor components in A. famiyavanich (formerly A. cohorticula) (12). GTX1-4 are
found in high proportion in A. tamiyavanich (12). In contrast, A. ostenfeldii has GTXS or GTX6
and their carbamate counterparts as major components, showing that its toxin profile is different
from that of other Alexandrium spp. (13).

Differences in toxin profiles have been observed among strains of the same species col-
lected from different geographical locations. Based on these findings, some researchers have
attempted to use the toxin profile as a biochemical marker to distinguish strains of the same
species (10,14,15). Toxin profiles are reported to be influenced by physiological conditions such
as nutritional conditions, the stage of the cell cycle, and other factors (16,17). However, it has
been confirmed by many investigators that the toxin profile of a clonal culture is constant even
at different stages of growth (10,14,15). Therefore, the toxin composition is considered to be
a genetically stable characteristic of a clone.

Further results supporting this idea were obtained in a study focusing on the toxin profiles
of G. catenatum Graham populations from different geographical locations (18). All of the
isolates were found to produce N-sulfocarbamoyl toxins such as Cl1-4 , GTXS, and GTX6.
However, the strains from different geographical locations could be distinguished from each
other on the basis of the relative abundance of these components. In addition, the Australian
population could be easily distinguished from other populations because of the presence of
characteristic toxin components, 13-deoxydecarbamoyl toxins, which were not detected in other
populations (18). On the other hand, A. minutum isolates from different geographical locations
(Taiwan, Australia, Portugal, and Spain) showed similar toxin profiles, consisting mainly of
GTX1-4 (19-22). As an exceptional case, a French strain and New Zealand strains of A. minu-
tum are reported to show different profiles; these strains contain C toxins (French strain) and
STX and neoSTX (New Zealand strains) (21).

It has been proposed that Japanese strains of A. tamarense can be categorized into three
groups on the basis of their toxin profiles (23). The first group is distinguished from the other
two on the basis of the presence of STX, a characteristic component of this group. The other
two populations could be distinguished from one another on the basis of the relative proportion
of nSTX.

As described in another chapter, STXs have been detected also in three species of blue-
green algae (cyanobacteria): Aphanizomenon flos-aquae, Anabaena circinalis, and Lyngbya wol-
lei. The toxin profiles of these species are completely different from each other. A. flos-aquae
was the first species for which toxin production was confirmed, although only one strain is
reported to produce the toxins (24). This species shows a characteristic toxin profile with STX
and neoSTX as major components and dcGTX2, dcGTX3, deSTX, and GTXS5 as minor compo-
nents (25). A. circinalis was the second toxic species of cyanobacteria identified, and it was
found to be responsible for the death of domestic animals in Australia in 1991 (26). This species
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Figure 3 Newly found saxitoxin derivatives from cyanobacterium Lyngbia wollei (30).

shows a characteristic profile with large proportions of C1, C2, and GTX2 and GTX3 (27,28)
that is quite different from that of A. flos-aquae. The shellfish that consume this species are
reported to accumulate toxins (29). Recently, L. wollei, a third toxic species of cyanobacteria,
has been shown to produce STXs (30). It is noteworthy that six new saxitoxin analogues were
isolated from this organism together with dcSTX, dcGTX2, and dcGTX3 (Fig. 3). The presence
of new toxins in L. wollei shows that the metabolism of STXs in this species is different from
that in other cyanobacteria and dinoflagellates.

lll. TRANSFORMATION OF TOXIN COMPONENTS IN SHELLFISH AND
DINOFLAGELLATES

Shellfish accumulate dinoflagellate toxins via food webs, and thus the toxin profiles of bivalves
seem to reflect those of dinoflagellates. However, the pattern of toxins in shellfish is not always
similar to that of the causative dinoflagellates, indicating that toxin components are transformed
in shellfish (10). One of the transformation is that due to chemical properties of toxins. Toxins
having a hydroxysulfate moiety at position 11 undergo epimerization through keto-enol equili-
bration (31). Oshima (32) showed by incubation experiments that the equilibration is accelerated
at higher pH and higher temperature and the N-sulfocarbamoyl toxin group equilibrated much
faster than the carbamate group. The biosynthetic product of the dinoflagellates was thought to
be B-epimer (GTX3, GTX4, C2, C4), since only this epimer group is detected in actively growing
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cells (33). In toxins transmitted to shellfish, epimerization proceeds gradually until it reaches
equilibrium at a /o ratio close to 1:3. Thus, the relative ratio of epimers provides information
on how long toxins have been retained by shellfish (32).

Another chemical transformation is due to natural reductants. The scallop Patinopecten
yessoensis retained toxins for several months, and a significant change of toxin profile was
observed during the depuration period (32). Marked changes in toxin profiles are evident in
scallops during the toxin depuration period; the levels of components of N-OH toxins (GTX1,
GTX4, and neoSTX) decrease, whereas the levels of N-H toxins (GTX2, GTX3, and STX)
increase (32). It has been confirmed by in vitro experiments that the reductive removal of 11-
O-sulfate occurs in the shellfish. This reaction was found to occur in a protein-free extract of
the scallop and it was accelerated by heating, indicating that the reaction is not enzymatic (32).
A similar conversion occurs on treatment of N-OH toxins or 11-O-sulfate toxins with cysteine
or glutathione (32,34,35). The same reductive processes have been reported to occur in a homog-
enate of Patinopecten magellanicus (36). Kotaki et al. (37) observed that a similar toxin conver-
sion occurs when these toxins are incubated with bacterial cultures.

Most of shellfish contains less C toxins and higher carbamate toxins than the causative
dinoflagellates (10). For example, the toxin profile of toxic scallops during a bloom of A. caten-
ella was found to be different from that of A. catenella as the proportion of C toxins, the major
toxin components of A. catenella, substantially decreased in the scallops soon after their inges-
tion of A. catenella (10). These suggest that enzymatic hydrolysis of N-sulfate occurs. However,
the corresponding carbamate toxins do not always increase in parallel with the decrease in C
toxins, indicating that C toxins ingested by shellfish are not converted to the corresponding
carbamate toxins in shellfish. This is supported by the fact that the enzyme which converts C
toxins to corresponding carbamate toxins could not be detected in 18 species of bivalves in
Japan (32). On the other hand, C toxins are easily hydrolyzed at neutral pH to yield decarbamoyl
derivatives (32). The reaction proceeds quickly when heated, but it also occurs very slowly at
low temperature (incubation at 4°C for 1 month). These suggest that the same hydrolysis might
be occurring in live shellfish, because decarbamoyl toxins were always detected in shellfish
containing a large proportion of C toxins (10). It is noteworthy that the enzyme which catalyzes
the same hydrolysis is reported to occur in two species of clams, Mactra chinensis and Peronidia
venulaso (32).

Enzymatic conversion of toxin components is reported to occur also in dinoflagellates. A.
tamarense possesses an oxidase that converts GTX2 and GTX3 to GTX1 and GTX4 (32). An
N-sulfotransferase that converts carbamate toxins to the corresponding C toxins has been de-
tected in both toxic and nontoxic isolates of G. catenatum from Tasmania in which C toxins
occur in high proportion (32). In contrast, A. tamarense isolates that produce C2 in high abun-
dance relative to other components do not have this enzyme (32).

These findings show that conversion of toxin components can be attributed to enzymatic
reactions as well as nonenzymatic processes. Various toxin components found in dinoflagellates
and shellfish seem to be products of these reactions. Ishida et al. (38) suggested that the enzymes
involved in the conversion of toxin components may be those involved in biosynthesis of the
toxins. However, conversion of toxin components occurs in shellfish as well as in dinoflagellates.
In addition, enzymes involved in toxin conversion, such as N-sulfotransferase, for example,
occur in both toxic and nontoxic strains of dinoflagellates. These observations indicate that
conversion of toxin components differs from biosynthesis of STXs. However, it should be noted
that at least one of the toxin components found in toxin-producing dinoflagellates could be a
de novo product of biosynthesis of STXs. Thus, the enzyme which produces this component is
the one involved in biosynthesis of STXs.
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IV. ACCUMULATION OF STXs IN SHELLFISH; IS IT VIA FOOD WEBS?

The accumulation of STXs in shellfish via food webs is well documented. During a bloom of
toxic dinoflagellates, shellfish become toxic as a result of their ingestion of dinoflagellates.
Available evidence suggests that STXs in dinoflagellates are transported to shellfish via food
webs, absorbed, and accumulated in the digestive gland (39). Some of the toxin absorbed is
released from the shellfish. Thus, the amount of toxin in the shellfish is the difference between
the amount of toxin supplied and the amount released (Fig. 4). On the other hand, there are
some phenomena concerning shellfish toxicity that cannot be explained by this mechanism. In
a field survey on the toxicity of the scallop Patinopecten yessoensis in association with an
abundance of A. tamarense, we have observed that scallop toxicity does not increase significantly
when A. tamarense blooms in high density. In contrast, it increases after the peak in abundance
of A. tamarense when most of the cells have already disappeared (40). There is a 1-week time
lag between the peak of scallop toxicity and the peak in abundance of A. tamarense. Furthermore,
after the levels of the toxin in the scallop had begun to decrease, a further rise in toxicity was
noted even though the causative dinoflagellate was no longer detected. This may be due to the
spatial patchiness of the algal population, which makes it difficult to estimate correctly the
abundance of the toxic dinoflagellates. However, this phenomenon has been observed repeatedly

Figure 4 Well-accepted mechanism by which shellfish accumulate STXs by ingestion of toxic dinoflag-
ellates.
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in field monitoring surveys of shellfish toxicity in association with the abundance of toxic dino-
flagellates (41,42). A peak in abundance of dinoflagellates always precedes the peak of shellfish
toxicity. Thus, spatial patchiness of the algal population is not the only factor responsible for
this phenomenon. It may be due to biotransformation of sulfocarbamate derivatives of STXs in
the shellfish to their corresponding carbamate forms which are far more potent. However, no
significant bioconversion of toxin components that might explain these phenomena was detected
in shellfish during the period when shellfish is releasing the accumulated toxins (unpublished
data).

In a monitoring survey on shellfish toxicity, we analyzed STXs in particles suspended in
seawater after fractionation of the particles according to size by passing them through sieves
of different pore sizes. Figure 5 shows data obtained for samples from Tanabe Bay where shell-
fish became toxic during a bloom of A. catenella (43). Surprisingly, no significant amount of
toxin was detected in the particulate fraction containing natural A. catenella cells at a time when
shellfish toxicity increased considerably (indicated by arrow in Figure 5). In contrast, significant
toxicity was detected in association with particles smaller than A. catenella such as those in the
size ranges of 5-20 and 0.45-.05 um by HPLC analysis. The 5- to 20-um fraction showed the
highest level of toxicity when the cell density of A. catenella was very low. The toxins in this
fraction were highly purified and identified as STXs by mass spectrometry. These findings
clearly indicate that an unknown STX-producing organism(s), smaller than A. catenella, occurs
together with A. catenella in the seawater. Similar results were obtained for samples from Ofu-
nato Bay during a bloom of A. tamarense (44,45). A slight increase in shellfish toxicity was
observed when fractions containing particles smaller than dinoflagellates showed considerable
toxicity. As no significant toxicity was observed in other particle fractions, the shellfish toxicity
during the period seemed to be due to the toxins associated with these particles. However,
shellfish toxicity did not increase much, although high levels of STXs were detected in the
fractions containing particles with a size smaller than dinoflagellates. It seems quite strange that
shellfish toxicity increased significantly as A. catenella grew to high density; yet no significant
amount of toxin was detected in A. catenella (43). These observations suggest that some un-
known mechanism other than food webs which is associated with the dinoflagellates or other
unidentified causative organism(s), plays a role in the accumulation of STXs in shellfish. It
seems possible that this may involve de novo synthesis of the toxin by the shellfish, for example,
through digestion of algal cells or other ingested materials together with dinoflagellates.

V. BACTERIAL PRODUCTION OF STXs

STXs have been detected in fractions of particles in the size ranges of 0.45-5.0 um and 5-20
pm. No significant amount of phytoplankton was observed in the water sample from which the
5- to 20-um fraction containing a high level of STXs was prepared (43). Instead, small detritus
particles were observed in this sample. These observations suggest that the unknown causative
organism is a bacterium. The possibility that STXs may be of bacterial origin was first suggested
by Silva (46,47), who observed bacteria-like structures inside dinoflagellate cells. She found
that the bacteria isolated from the algae exhibited toxicity in mice. However, these findings
remain to be confirmed by other investigators. While studying toxin production in the dinoflag-
ellate A. ramarense, we observed that there was a 20-fold difference in toxin yields between
subclones prepared from a clonal culture grown under identical conditions, suggesting that toxin
production in this species is not a hereditary characteristic of the alga (48). As this finding
appeared to be consistent with Silva’s idea of a bacterial source of STXs, attempts were made
to isolate bacteria from this dinoflagellate. A single bacterium referred to as ‘‘Moraxella sp.”’
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0.45-5.0 um. (From Ref. 43.)
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(later classified as a Pseudomonas/Alteromonas species (49) and most recently as a new genus
within the o-proteobacteria (50), was obtained. An extract of this bacterium, prepared from cells
grown in Marine Broth (DIFCO Laboratories, Detroit, MI), killed mice and the symptoms were
typical of those elicited by STXs, although the toxicity was very low. The toxin was then purified
from cell extracts prepared from a 50-L culture by the same method as that used for the purifica-
tion of STXs (51). The purified toxin showed behavior identical to that of STX on HPLC-
fluorometric analysis (8) as well as on analysis by thin-layer chromatography (TLC) (52) and
electrophoresis (53). The dose-death time relationship in a mouse bioassay and the relationship
between dose and peak area of the toxin in the HPLC analysis was found to coincide well with
those of STX, indicating that the toxin is STX (51). These findings suggest that A. tamarense
possesses intracellular bacteria which produce STXs, providing support to Silva’s idea that intra-
cellular bacteria are associated with dinoflagellate toxins. The toxicity of Moraxella sp. tended
to increase under starvation conditions (54) and when the cells were exposed to P-limiting
conditions in chemically defined medium (49). One possible interpretation of the above findings
is that, since the toxin accumulates when anabolic processes in bacteria are depressed, STXs
may represent catabolites of some unknown bacterial substance(s). Alternatively, the apparently
close relationship between bacterial toxin yields and P availability may imply that toxin gene
expression is regulated by phosphorus, as has been demonstrated for several secondary metabo-
lites (55), or simply that excess nitrogen is available for toxin synthesis (STXs contain six to
seven N atoms per molecule).

VI. INTRACELLULAR BACTERIA IN TOXIC DINOFLAGELLATES

Several studies indicate that axenic, or bacteria-free, dinoflagellate cultures retain the ability to
produce these toxins at levels similar to those found in nonaxenic cultures (e.g., see Ref. 56).
If bacteria are involved in toxin production in dinoflagellates, they should be present within the
dinoflagellates. Several investigators have reported the direct observation of intracellular bacteria
in toxic species of dinoflagellates by electron microscopy (46,57,58), although the bacterial
numbers were generally few and such bacteria were not always discernible even within cells of
the same algal culture. Although toxigenic bacteria could be isolated from toxic dinoflagellates, it
was not clearly proven whether the isolated bacterial strains and the corresponding intracellular
bacteria were the same. We have recently used an antibody against a toxin-producing bacterium
to probe Western blots of an extract from the ‘‘host,”” an A. famarense isolate (axenic culture),
and increased cross reactivity was observed after the apparent disruption of residual (=accumu-
lation) bodies present within the algal cells (59). These results, and the fact that bacteria could
be isolated from an axenic culture of this dinoflagellate only after disruption of the residual
bodies, led us to contend that intracellular bacteria exist within the residual bodies and these
retain the ability to reproduce within the algal cells. Consistent with this idea are electron micro-
scopic observations of partially digested bacteria in the residual bodies of several toxic dinoflag-
ellates (58), as well as the apparently stable association of certain bacteria with an algal isolate
over many years. Generally, bacteria responsible for infection are killed by defense mechanisms
of the host organism. However, some specific infectious bacteria are known to possess escape
mechanisms allowing them to survive within cells of the host (60). It is hypothesized that the
growth of such bacteria inside residual bodies may be controlled by digestive processes, thereby
harmonizing bacterial growth with that of the dinoflagellate and allowing extended maintenance
of the intracellular-bacterial flora.

Recently, evidence of mixotrophy has been demonstrated in the case of thecate photosyn-
thetic dinoflagellates, including toxic Alexandrium species. A. tamarense has been shown to
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survive and produce toxins, utilizing organic substances from the environment or bacteria instead
of nitrate (61). As shown in Figure 6, a culture of A. tamarense remained in the exponential
phase of growth constantly under nitrogen-limited conditions (2% of the level of nitrate in
normal medium) when acclimatized to such conditions for 30 days. The toxin content of the
cells decreased to about one tenth of that in the initial culture maintained in normal T1 medium
(Figure 6). When nitrate (1 mM) or yeast extract (DIFCO; 20 mg/L) was added to the culture
(indicated by the arrow in Figure 6), the cells grew well. The maximum yield of cells in the
culture increased markedly in both cases. At the same time, toxin production by the cells was
enhanced almost fivefold by these treatments. Levels of nitrate and ammonia in the yeast extract
used here were measured and found to be 0.055 and 1.095 umol/g, respectively, which is too
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Figure 6 Change of growth (lower) and toxin production (upper) of A. tamarense after addition of nitrate
(1 mM) or yeast extract (20 mg 17") under N-limited condition. Nitrate and yeast extract were added at a
time indicated by arrow. N, Culture supplemented with nitrate; Y, culture supplemented with yeast extract;
B, control culture. (From Ref. 61.)
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low to be responsible for the growth observed after the addition of yeast extract. Thus, A. tama-
rense seems to utilize nitrogen-containing organic substances in the yeast extract as a nitrogen
source instead of nitrate. Similar results were obtained when autoclaved or live cells of a STX-
producing bacterial strain were added to the nitrogen limited culture (Figure 7). Toxin production
by A. tamarense was induced by this treatment. These results clearly show that A. tamarense
can grow and produce STXs by utilizing bacteria as a nitrogen source under nitrogen limited
conditions. On the other hand, Jacobson and Anderson (62) presented electron micrographs
clearly showing that A. ostenfeldii ingests other plankton as food, which is evidence of the
heterotrophy of A. ostenfeldii, a photosynthetic toxic dinoflagellate. Bacteria coexisting inside
the dinoflagellate cells may represent a self-sustaining source of organic nutrition to the algae
cooperating in a mutualistic fashion.

The issue of taxonomic specificity is important, and the question remains as to whether
a single taxon or multiple bacterial taxa are able to reside and reproduce within the cells of a
given dinoflagellate species. Very recently, we have found that a 16s rRNA fragment prepared
from A. tamarense is identical to 16s rRNA prepared from a STX-producing bacterium isolated
from the alga (manuscript in preparation). These results show that an STX-producing bacterium
is living within the A. tamarense cells, and that biochemical interactions between, the bacteria
and the dinoflagellate, for example, digestion of the bacteria by the dinoflagellate,occur in the
dinoflagellate.
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Figure 7 Change of growth (lower) and toxin production (upper) of A. tamarense after addition of
autoclaverd (AM) or live (LM) Moraxella sp. cells under N-limited condition. Bacterial cells were added
at times indicated by arrow. (From Ref. 61.)
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VIl. TOXIN-PRODUCING BACTERIA IN NATURAL ECOSYSTEMS

Since the first finding that a bacterium isolated from A. ramarense produces STX (49,51), several
strains of STX-producing bacteria have been isolated from dinoflagellates (63,64). Also, we
have detected STXs in fractions of particles smaller in size than dinoflagellates (43). Although
definitive proof of a bacterial source of the toxin is lacking, STXs detected in particles smaller
in size than dinoflagellates are thought to originate from bacteria, STX producing bacteria can
grow in seawater (54), and thus may be living on the surface of detritus which is favorable for
their growth. Probably, because of the large number of cells present, the amount of toxin in the
detritus is often greater than the amount associated with free-living bacteria. However, even
though the detritus fraction (5- to 20-pum fraction) showed high toxicity, shellfish toxicity did
not increase much. These findings may indicate that bacterial toxins are not directly associated
with shellfish toxicity. It is also noteworthy that, although shellfish became toxic during a bloom
of A. catenella, no significant toxicity was detected in the A. catenella cells from this location
(see Figure 5). These findings support the idea that the toxicity of shellfish cannot be attributed
solely to transport of dinoflagellate toxins via the food chain. De novo synthesis of toxins in
shellfish, in association with toxic dinoflagellates or bacteria may also be involved.

The distribution of STX-producing bacteria in the marine environment appears to be quite
widespread. Investigators in increasing numbers are now reporting the isolation of such bacteria
from locations that are spatially and temporally distinct from the locations of the dinoflagellates.
Recently, Levasseur et al. (65) examined the potential for bacterial production of STXs in the
St. Lawrence estuary, Canada. They screened bacterial strains isolated from the St. Lawrence
by HPLC and found four strains positive for STXs, indicating that putatively toxigenic bacteria
are present in that region. Interestingly, these four bacterial strains isolated from the St. Lawrence
estuary by Levasseur et al. (65) originated from sites exhibiting no concurrent PSP activity, and
three of these locations had no prior history of bloom formation.

They also measured ambient toxin levels in various particle size fractions during and after
an Alexandrium bloom and the production of toxins by the heterotrophic component of the
plankton community (i.e., bacteria) during dark incubation of size-fractionated material. Al-
though ambient STXs were detected by HPLC only in the two largest size fractions (>21 and
5-21 um) obtained during the bloom, de novo toxin synthesis was detected in most size fractions
following dark incubation, including the 0.22- to 5.0-um range regardless of the sampling time
relative to the bloom. Although free-living and particle associated bacteria capable of producing
STXs appear to exist in the St. Lawrence estuary, only the toxins associated with larger size
fractions accounted for shellfish toxicity during this Alexandrium bloom. These results indicate
that STX-producing bacteria ingested by shellfish could not be directly responsible for the STXs
in the shellfish, although a contribution of toxin-producing bacteria to shellfish toxicity could
not be ruled out.

Information on the distribution of STX-producing bacteria in marine ecosystems is impor-
tant to solve the problem of the association between these bacteria and the STXs of shellfish
and other organisms. In order to prove the toxigenicity of bacteria, more detailed chemical
evidence such as analytical data obtained by mass spectrometry or nuclear magnetic resonance
(NMR) are required. However, because of the low toxin productivity of bacteria, various investi-
gators have applied indirect methods for toxin identification such as HPLC and bioassay of
crude extracts. When crude extracts are analyzed by fluorometric-HPLC, ghost peaks with reten-
tion times identical to those of standard toxins often appear (28). However, these peaks can be
distinguished from toxin peaks by changing the reaction reagent for postcolumn derivatization
to water; the ghost peaks do not disappear as a result of this treatment, but the toxin peaks
disappear. In addition, these impurities can be mostly removed by pretreatment of the samples,
such as by partial purification of the toxins by Bio-Gel P-2 (Bio-Rad Laboratories, Richmond,
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CA) or activated charcoal treatment. HPLC analysis of bacterial toxins after such treatment will
provide more detailed information concerning the toxigenicity of the bacteria.

VIll. STXs IN ORGANISMS OTHER THAN DINOFLAGELLATES AND THEIR
ASSOCIATED ORGANISMS

It is well known that STXs are found not only in dinoflagellates and their associated shellfish
but also in phylogenetically diverse species of animals. Noguchi et al. (66) showed for the first
time that STX can be detected in the xanthid crab Atergatis floridus, which is not associated
with dinoflagellates. After this discovery, high levels of STXs were detected in various animals,
such as the horseshoe crab, Carcinoscorpius rotundicauda (67) several species of marine snails
(68) and pufferfish, Takifugu pardalis (69) Tetraodonfangi (70). These animals are not plankton
feeders. Thus, STXs in these animals are unlikely to originate directly from dinoflagellates.
Yasumoto (71) concluded that the STXs in the xanthid crab are not derived from dinoflagellates,
as no STXs were detected in bivalves living in the same area as the toxic xanthid crab. Instead,
they detected a low level of STXs in Jania sp., a carcacious alga which is often found in the
stomach of the xanthid crab, and suggested that the origin of STXs in the xanthid crab is this
alga (72). It is possible that the xanthid crab accumulates a high level of STXs by continuous
ingestion of Jania sp. over a long period. On the other hand, the xanthid crab is known to release
STXs (73). Arakawa et al. (74) have recently shown that a large proportion of the STXs injected
into the xanthid crab disappears within a short period. This finding implies that the rate of release
of STXs from the xanthid crab is significantly high. Therefore, it is unlikely that the xanthid
crab accumulates a high level of STXs by continuous ingestion of Jania sp., even if over a long
period.

Interestingly, these STX-bearing animals possess tetrodotoxin (TTX), a potent neurotoxin
which binds to the same biological receptor as STXs (1). This suggests that organisms known
to possess either STXs or TTX may possess both of these toxins. This speculation is supported
by the fact that a significant amount of TTX has been detected in A. famarense, a representative
dinoflagellate capable of producing STXs (75). During a bloom of A. famarense, considerable
amounts of TTX accumulate in shellfish together with STXs (76). The levels of TTX in the
shellfish was shown to be parallel with the levels of STXs (76), indicating that the origin of
TTX in the shellfish is A. tamarense.

It is well known that TTX is produced by bacteria, although the productivity is very low
(77,78). It is noteworthy that TTX-producing bacteria and STX producing bacteria display simi-
lar characteristics; the toxin productivity of TTX producing bacteria is very low and the TTX
levels increase significantly under starvation conditions (77,78). Although the evidence is cir-
cumstantial, various phenomena suggest that these bacteria are widely distributed in natural
ecosystems. The origin of the STXs in toxic animals not associated with dinoflagellates seems
to be bacteria, as in the case of TTX, and the mechanism by which the organisms become toxic
owing to the presence of TTX and STXs derived from bacteria seems to be similar in each
instance.

IX. MECHANISM BY WHICH PUFFERFISH BECOME TOXIC: A MODEL
BASED ON THE MECHANISM BY WHICH ACCUMULATION OF STXs
OCCURS IN DINOFLAGELLATES

It has been a mystery why pufferfish possess the potent toxin TTX. Although the reason is still
not clear, it is known by fish culturists that pufferfish which are artificially hatched and fed an
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artificial diet are nontoxic. Matsui et al. (79) demonstrated that nontoxic cultured pufferfish 7.
rubripes rubripes become toxic when fed a diet containing TTX, indicating that TTX in the
pufferfish is an exogenous substance which originates from the diet. On the other hand, TTX
has been shown to be produced by bacteria (77,78) and thus the source of TTX in TTX bearing
animals such as pufferfish is considered to be bacteria. Hence, TTX of bacterial origin is consid-
ered to accumulate in the pufferfish via food webs (80). The screening of various marine organ-
isms for TTX revealed that this toxin is widely distributed in marine organisms, some species
of which could be components of the diet of pufferfish (81,82). These studies also showed that
the trumpet shell Charonia sauliae accumulates TTX by ingesting the TTX bearing starfish
Astropecten polyacanthus (83). However, such a case clearly supporting the food chain theory
of TTX accumulation in toxic animals is rare. The distribution of toxic components of the diet
of the pufferfish rarely overlaps with that of toxic pufferfish, indicating that the puffer toxin
cannot be accumulated via a simple food web mechanism.

On the contrary, Noguchi et al. (84) proposed that pufferfish become toxic by absorbing
alow level of TTX produced by intestinal bacteria over a long period. This idea seems plausible,
because TTX-producing Vibrio alginolyticus is a dominant species in the intestinal bacterial
flora of toxic pufferfish (84). However, Sugita et al. (85) reported that V. alginolyticus is also
a dominant member of the intestinal bacterial flora of nontoxic cultured pufferfish 7. rubripes
rubripes. We analyzed TTX levels in the liver, the main toxic organ of the pufferfish, and in
the intestine of cultured puffer specimens 60 days and 6 months old, applying a sensitive method
of analysis of TTX (86). No TTX was detected in the liver of either juvenile or adult pufferfish
specimens, whereas a low level of TTX, 0.2 MU/g (where one mouse unit [MU]) is the dose
required to kill a 20-g male mouse within 30 min), apparently due to intestinal bacteria, was
detected in both samples. These observations show that the level of TTX in the intestine is too
low for accumulation by the pufferfish.

TTX- and STX-bearing animals are reported to be resistant to these toxins (87). However,
these animals die when a substantial amount of the toxin (about 1000 times the lethal dose for
common animals) is injected (88). These observations show that the toxins are also toxic to
these animals. Although the mechanism is not known, pufferfish sometimes accumulate TTX
at levels much higher than their lethal dose (89). On the other hand, toxic species of pufferfish
are secreting this dangerous toxin into environmental water continuously (90). As shown in
Figure 8, pufferfish possess developed TTX-secreting glands in the skin which consist of specific
TTX-secreting cells (TTX cells) (91). When stimulated, the pufferfish secretes a considerably
high amount of TTX into the environment; that is, 4 mg of TTX on a single stimulation (90),
showing that the rate of TTX secretion is significantly high. A similar phenomenon is also
observed in the case of the TTX bearing newt (92). These findings indicate that TTX-bearing
animals actively release TTX from a specifically developed organ and the rate of release of the
toxin is significantly high. Given that the TTX present in the pufferfish is accumulated via food
webs, the rate of uptake of TTX should be greater than the high rate of release; that is, a consider-
ably large amount of TTX must be supplied to the pufferfish continuously. This seems consistent
with our results indicating that the cultured pufferfish T. rubripes rubripes did not accumulate
TTX, although a low level was detected in the intestine. The supply of TTX from the intestine
was too low for accumulation by the pufferfish.

Watabe et al. (93) reported that tritium-labeled TTX injected intraperitoneally into toxic
pufferfish is accumulated in the liver for a short period and then transported to the skin and
gallbladder to be released. About 70% of the injected TTX disappeared within 6 days. We
also observed that TTX injected into the nontoxic cultured puffer, 7. rubripes rubripes, was
accumulated in the liver first, moved to the skin, and then was released into the environment
(manuscript in preparation). About 50% of the injected TTX disappeared within a few weeks.
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Figure 8 Tetrodotoxin secreting gland in the skin of a puffer Takifugu pardalis. Bar = 100 um.

These data show that TTX taken up by the pufferfish is not retained for a long period because
of the high rate of secretion of TTX. Although no significant amount of TTX has been detected
in the diet of the pufferfish, some specimens of wild pufferfish accumulate substantial amounts
of TTX (89). These observations lead us to contend that pufferfish accumulate TTX not via
food webs but through some other mechanism which remains unknown.

Interestingly, a considerable amount of TTX was detected in the muscle of 7. rubripes
rubripes specimens 2 weeks after injection of TTX (manuscript in preparation). Watabe et al.
(93) also observed that injected tritium labeled TTX is detected in significant concentrations in
the muscle of the pufferfish T. rubripes rubripes. In contrast, no TTX was detected in the muscle
of wild specimens of T. rubripes rubripes. Tani (94) reported that the muscle of 7. rubripes
rubripes is nontoxic, although considerable toxicity is often detected in association with the
liver and other organs. Based on analyses of the toxicity of various specimens, the muscle of
this species has been designated as a safe food after careful removal of the organs prone to
contamination with the toxin by licensed chefs in Japan. The results of these toxicity analyses
indicate that natural specimens of 7. Rubripes rubripes never take in such an amount of TTX
at once as that administered in the experiments. The results also tend to support the view that
TTX in the pufferfish is not accumulated via food webs.

As described above, we have suggested that symbiotic bacteria in dinoflagellates are in-
volved in the production of substantial amounts of STXs. Most of the toxic species of pufferfish
possess STXs as well as TTX (69). In specimens of the freshwater puffer, Tetraodon fangi,
which causes food poisoning in Thailand (95), only STX was detected as the toxic agent (70).
Therefore, the approach taken in investigation of toxins from dinoflagellates was applied to
pufferfish toxin; that is, attempts were made to isolate bacteria from the liver tissue of toxic
and nontoxic specimens of pufferfish. Interestingly, bacteria were isolated only from toxic speci-
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Figure 9 Double immunodiffusion of the extracts of the liver and isolated bacteria against antibody P
and puffer liver. 1 and 4: the liver extract of a toxic specimen of the pufferfish 7. porphyreus; 2 and 6:
the extract of bacteria isolated from the liver, the concentration of the extracts is different; 3 and 5: the
extract of antigenic bacteria to prepare antibody P. (a) Center: antibody P, (b): Center the serum of puffer
specimen 7. porphyreus from which the liver (1 and 4) and bacteria (2 and 6) were prepared. Antibody
P was prepared by immunizing rabbit with homogenate of bacteria isolated from the liver of another toxic
specimen of 7. porphyreus. (From Ref. 96.)

Figure 10 Electron micrograph of hepatocytes from 7. poecilonotus. (a) There are three hepatocytes in
the electron micrographs. Each cell contain many microorganism-like components (arrows). No abnormal
bioreactions are seen in every hepatocyte. F, fat droplet. Bar = 2 um. (b) Enlarged part of (a). Three
round microorganisms are seen. These are surrounded by double membranes from the cytoplasm of the
hepatocytes. Numerous ribosomes (R) and the thick septum (S) are demonstrable. Bar = 0.5 um. (From
Ref. 96.)
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mens, whereas no bacteria were obtained from nontoxic specimens of the pufferfish (96). Poly-
clonal antibody against the bacterium isolated from the liver reacted with an extract of the
liver from which the bacterium was isolated (Figure 9). Electron microscopic observations also
supported the view that bacteria were present in the liver cells (Figure 10). An extract of the
isolated bacteria was found to display sodium channel blocking activity and gave a TTX-like
peak on HPLC analysis. These findings imply that liver cells in the toxic pufferfish are infected
by bacteria which produce TTX or a TTX-related substance. Apparently, there was no difference
in behavior between toxic pufferfish specimens with bacteria present in the liver and nontoxic
specimens free of bacterial infection, suggesting that the bacteria in the liver are symbiotic rather
than infectious. These findings suggest that bacterial symbiosis in liver cells is involved in the
mechanism of production of pufferfish toxin as in the case of toxic dinoflagellates.

Most of the bacteria isolated from the liver of the pufferfish were gram, positive bacteria,
which are usually not found in seawater but rather in the sediments (96). It is well known that

Table 1 Occurrence of TTX and STXs in Common Aquatic Animals

Toxin composition (mg mL~" solution®)

Species Part TTX GTX1 + 4 GTX2 + 3 neoSTX STX
Shark
Lemna ditropis Int 2.3 2.3 2.3 0.1
Liv 1.0 0.3 0.5 0.1
Salmon
Oncorhynchus keta Int 1.1 4.2 1.9
Liv 0.7 0.3 0.1
Conger eel
Conger myriaster Vis 1.3
Saury
Cololabis saira Vis 1.0
Cod
Gadus macrocephalus Int 0.6 0.6 0.2 3.1
Liv 0.2 2.1
Parrotfish
Ypsiscarus ovifrons Int 1.9 0.9 0.7 0.2 0.1
Liv 1.6 0.1 0.4
Skipjack
Katuwonus pelamis Liv 1.7 0.9
Filefish
Nevodon modestus Int 0.8 0.3 0.3 0.1
Liv 2.5 1.8 0.1
Crayfish
Procambarus clarkii Hep 0.4 1.0 0.1
Rock crab
Hemigrapsus sanguineus Hep 0.1
Rock crab
Pachygrapsus crassipes Hep 0.1
Marine snail
Neptunea arthritica Dig 0.2 1.0 0.9 0.3 0.1

Int, intestine; Liv, liver; Vis, viscera; Hep, hepatopancreas; Dig, digesive gland.
*1 mL solution equivalent to 100 g of organ.
Source: Ref. 99.
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pufferfish tend to hide themselves in the bottom sediment (97). It seems plausible that bacterial
infection may occur in this habitat of the pufferfish. This may explain why pufferfish cultured
in a cage, having no contact with bottom sediments, are nontoxic.

As described above, bacteria which produce STXs or STX-like substances are widely
distributed in natural ecosystems. This is also true for bacteria which produce TTX or TTX-
related compounds (84,98). Shewanella alga, the species found to produce TTX, has been re-
cently shown to produce STXs as well (99). This species shows wide phylogenetic and spatial
distribution in natural ecosystems. These observations imply that most aquatic animals are ex-
posed to these bacteria. Therefore, we screened the viscera of various common aquatic animals
for the presence of STXs and TTX (100). HPLC analyses and bioassays of the toxins partially
purified from the viscera showed that all species examined showed the presence of both TTX
and STXs, although the levels were very low (Table 1). For further confirmation, an extract of
the chum salmon, Onchorhyncus keta, in which low levels of TTX, STX, and neoSTX were
detected by HPLC analysis, was prepared from a large amount of the viscera (62 kg) of speci-
mens collected at a river mouth during the homing period. A toxin with a retention time identical
to that of TTX was detected in the HPLC analysis, but was lost during the purification process;
however, toxins corresponding to STX and neoSTX were obtained in a highly pure state. Mass
spectrometry and NMR analyses clearly showed that these toxins were STX and neoSTX (S.
Sato, T. Ogata, M. Kodama. Trace amount of saxitoxins in the viscera of chum salmon Oncor-
hynchus keta. Mar. Ecol. Prog. Ser. 175:295-298, 1998). These findings show that TTX and
STXs are not substances found only in specific organisms but are widely distributed in common
aquatic animals at low levels. As shown in Table 1, no significant difference was observed in
the levels of these toxins in the viscera of various common animals, indicating that these toxins
are not concentrated via the food web but rather they originate from intestinal bacteria. More
than 90% of the homing chum salmon returning close to their home river do not consume any
diet, and thus their stomachs are empty (101). All of the stomachs in the viscera used in the
above experiments were empty, thus the STXs found in the viscera did not originate from the
diet. These findings support the view that bacteria which produce TTX and STXs are widely
distributed in natural ecosystems.

X. DE NOVO SYNTHESIS OF TOXINS IN TOXIC ANIMALS

The finding that TTX and STXs are widely distributed at low levels in common aquatic animals
in natural ecosystems raises again the question as to whether the food web theory of toxin
accumulation is correct, as these common animals are in various trophic levels of food webs
in the ecosystem. Nevertheless, high levels of toxins are not found in common animals but are
limited to specific animals. This may be due to the unusual ability of specific animals to accumulate
toxins. However, it seems unlikely that this occurs considering the continuous toxin excretion by
these specific toxic animals. On the other hand, it has been observed in an aquarium setting that
pufferfish reared for several years maintain a high level of toxins. We have also observed that
natural pufferfish specimens maintain a high level of toxicity after 1 year of rearing (unpublished
data). These findings may indicate that de novo synthesis of toxins occurs in the pufferfish.

A similar phenomenon is observed in the case of STXs of shellfish. As described above,
a 1-week time lag was observed between the peak of shellfish toxicity and the peak in abundance
of A. tamarense in a field survey (40). In order to confirm further this phenomenon, the toxicity
of scallops fed cultured A. tamarense cells was analyzed. Surprisingly, the toxins were accumu-
lated in the scallops at levels greater than those in A. tamarense fed to the scallops (manuscript
in preparation). The epithelial cells of the diverticula of the scallops which were fed A. ramarense
were stained by a probe specific for the 16s rRNA of the bacteria as well as by an antibody
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against the STX-producing bacterium isolated from A. tamarense even 1 week after feeding
was stopped (manuscript in preparation). In contrast, such staining was not observed in the case
of nontoxic scallops prior to feeding. These observations indicate that the intracellular bacteria
from A. tamarense are taken up by the epithelial cells of the diverticula together with A. tama-
rense and survive for a while in the cells. These bacteria move into amebacytes in the connective
tissue of the scallop and survive for at least 1 month. During this period the toxicity of the
scallop fluctuates, indicating that a part of the total amount of the toxins is eliminated from the
tissue, but the toxins are synthesized at the same time in the scallop. STX-producing bacteria
carried to the cells of the diverticula of shellfish by A. tamarense are thought to play a role in
de novo toxin synthesis in the shellfish.

Although there is little evidence available, it appears that pufferfish do not become non-
toxic when they are reared with a nontoxic artificial diet. Many laboratories have confirmed
that toxic dinoflagellates maintain their toxicity even if the cultures are maintained for a long
period. As described above, these organisms possess symbiotic bacteria. On the contrary, in
shellfish which accumulate toxins by ingestion of toxic dinoflagellates, the toxins are known to
deteriorate when the toxic dinoflagellates disappear from their environment. Different rates of
deterioration of the toxins are observed among the shellfish species. The scallop Patinopecten
yessoensis often maintains considerable toxicity for more than 6 months, whereas the toxicity
of the mussel Mytilis edulus disappears within 1 month (102). As described above, staining
indicative of the presence of STX-producing bacteria was not observed in the case of nontoxic
scallops. These findings suggest that toxin-producing bacteria ingested along with toxic dino-
flagellates are trapped by phagocytes of the shellfish and survive for awhile in the cells. However,
these bacteria would be finally digested by phagocytes such as the epithelial cells of the diverti-
cula and amebacytes. The different rates of deterioration of the toxin in shellfish may be due
to the differing activity of these cells in the shellfish.

Xl. HYPOTHESIS ON TOXIN ACCUMULATION IN TOXIC ORGANISMS

As described above, bacteria which produce low levels of toxins live in cells of the pufferfish
and in dinoflagellates which display high levels of TTX and/or STXs. Toxic shellfish also pos-
sess these bacteria in their cells, carried by the vector dinoflagellates. These bacteria grow in
cells of the host organisms. The host organisms kill and digest some of the bacteria that have
proliferated within the host cells and thereby maintain a suitable number of bacterial cells for
their survival. That is, direct biochemical interactions between the bacteria and the host occur
within the cells of the host organisms. The finding that the number of bacteria found in the host
organisms is few tends to support this idea. Based on these findings, the hypothesis shown in
Figure 11 is proposed, suggesting that TTX and STXs are not the final products of metabolism
but are intermediate products generated in the course of synthesis of some bacterial substance
which seems to be important for survival of the bacteria. Previously, we reported that TTX and
STXs were released from a nontoxic high molecular weight fraction prepared from toxic scallop
digestive glands or toxic pufferfish livers on digestion with RNase (103,104). These findings
suggest that the bacterial substance involved in production of these toxins is RNA. This idea
is consistent with the observation that the toxin content of the bacteria is very low (54), and
that toxin production by the bacteria increases significantly under P-limiting conditions (49) as
well as under starvation conditions (54). When some of the bacterial cells that have proliferated
within the host cells are killed in the host organisms, they are digested by host cells and the
substance associated with the toxins (probably RNA) is also digested by host enzymes resulting
in release of the toxins as catabolites. In other words, toxic animals and dinoflagellates are hosts
which possess the enzyme(s) required to digest the substance and release the toxins. If the
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Figure 11 Hypothesis on the mechanism by which toxic organisms become toxic in associated with
infectious bacteria.

substance in question is RNA, the enzyme required to digest this substance would be an RNase,
an enzyme which occurs widely in living organisms. Toxic organisms might possess a specific
type of RNase capable of digesting foreign RNA which contains unusual components, STXs,
and/or TTX. Some strains of toxic dinoflagellates are known to be nontoxic. The RNase in
these strains might lack the ability to digest foreign RNA containing unusual components which
are not essential for their growth.
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Chemistry and Mechanism of Action

Yuzuru Shimizu
University of Rhode Island, Kingston, Rhode Island

. INTRODUCTION

This group of toxins was first recognized as being paralytic toxins found in shellfish (1). How-
ever, these toxins are known to occur in many other organisms of which some are not related to
PSP. In this chapter, all chemically related naturally occurring compounds with the characteristic
tricyclic skeleton will be covered and discussed.

The PSP toxins are found in different phyla of both prokaryotic and eukaryotic organisms
(2). The etiology and biology of PSP and the causative organisms are discussed by other authors
in this book (Chapters 6—10). Therefore, this chapter is devoted only to the chemistry, biochem-
istry, and chemical aspects of structure-activity relationship of the toxins.

The first toxin obtained in pure form was saxitoxin (STX), which was isolated from the
Alaska butter clam, Saxidomus giganteus. (3). In retrospect, the pattern of saxitoxin occurrence
in S. giganteus is exceptional rather than general. The shellfish stores a large amount of toxins
in its siphons (4). Saxitoxin constitutes the major toxic component in the siphons together with
only a small amount of neosaxitoxin (neoSTX) (5). The toxins seems to exist bound to the
siphon tissues and remain there for a length of time. The binding mechanism of the toxin is
not well understood. In other shellfish, however, the toxins are normally concentrated in the
hepatopancreas through the food chain and depurated fairly fast once the supply route is re-
moved. In most cases, STX is not the sole or major toxin, but gonyautoxins (GTXs), neosaxi-
toxin, and other sulfated toxins are dominant toxins (5).

Il. ISOLATION AND PURIFICATION OF PSP TOXINS

Saxitoxin can be purified fairly easily from Alaska butter clams. The isolation procedure is to
take advantage of the strongly basic nature of guanidinium groups in the molecule, which bind
to a weakly acidic carboxylate ion-exchange resin and recovered by stepwise elution with acetate
buffer solution (3). The isolation scheme is summarized in Figure 1. This procedure, however,
is not applicable to most other PSP-causing toxins with sulfate groups, such as gonyautoxins,
B-toxins, and C-toxins. Owing to their amphoteric nature, these toxins do not bind tightly to
the carboxylate resins as STX. Fortunately, PSP toxins were found to bind rather exclusively
to small matrix size gel-filtration resins such as Bio-Gel P-2 (Bio-Rad, Richmond, CA) or Sepha-
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Toxic shelifish or algae
{e.g. Alaska butter clam siphons)

1. 15 % EtOM-HCH pH 2-3
2, Concentration

3 Centrifugation

4. Adjustio pH 5.5

Adsorption on
Amberlite IRC-50, Na*
{20-54 mesh)

Stepwise elution

1. 1N Acetate buffer, pH 4.0
2. H,0

3, 0.5 N Acetic acid

pH 4.0 Buffer eluate H,0 eluate 0.5 N AcOH eluate
\. (STX)
N |
GTXs, B, C toxins Chromatography on
& other water-soluble Amberlite CG-50, H*
ingredients
Acetic acid
gradient
>01N
Pure STX

Figure 1 Tsolation scheme for saxitoxin (STX) from toxic shellfish and algal cells. (Modified from
ref. 3.)

dex G-10 (Amersham Pharmacia, Uppsala) at controlled pH and can be eluted with dilute acetic
acid (5-9). The exact mechanism of this rather selective adsorption is not known, but this process
is very effective to remove most of other water-soluble small molecules in the extract. Fraction-
ation of the toxin mixture to individual pure toxins can be accomplished by careful and repeated
chromatography on the H* form of carboxylate resins such as Bio-Rex 70 (Bio-Rad, Richmond,
CA), using diluted acetic acid as eluant. The standard scheme for the purification of PSP toxins
is shown in Figure 2 (10). The toxins with net charges of zero or negative numbers have to be
separated by careful chromatography on Bio-Gel P-2 or preparative thin-layer chromatography
(TLC) on silica gel plates (11). The purity of the toxins can be checked by TLC (12) and high-
performance liquid chromatography (HPLC) (13). For TLC analysis, the use of high-perfor-
mance plates such as Whatman HPK (Whatman, Maidstone, UK) is highly recommended, be-
cause they give fast separation and undiffused spots. The visualization of the TLC is done by
spraying the plate with 1% H,O, and heating. The PSP toxins appear as whitish blue spots or
yellowish green spots for N1-hydroxylated toxins (neoSTX type) under ultraviolet (UV) light
(254 nm). Caution has to be taken because some of the non-PSP—type compounds also give
similar fluorescent spots. Aphanorphine, which coexists with PSP toxins in the blue-green alga
Aphanizomenon flos-aquae gives an R; value similar to those of PSP toxins and a fluorescent
spot on H,O, spraying (14). Similarly the HPLC analysis, which is also known to give false
fluorescent compounds in the postcolumn reaction system (15,16).
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Toxic shellfish
{hepatopancreas)
or algae

1. Dilute acetic acld or 15 % EtOH
{pH ~4)

2. Concentration, defatting

3. Adjust to pH 5.8

Adsomption on
Bio-Gel P-2

H,O
0.03 N Acetic acid

1.
2,

H50 Eluate

Most water-seluble 0.25 N AcOH eluate

ingredients & part of

B, C-toxins |

Chromatography on
Bio-Rex 70 (H*)

Acetic acid
gradient
{>0.01 Nj

| |
GTX6 GTX5 GTX4 GTX1 GTX3 GTX2 NeoSTX STX
—_—i- Elution order

Figure 2 General isolation procedure for paralytic shellfish toxins (5,10).

Pure toxins in solid form can be obtained by concentration and final lyophilization of the
dilute acetic acid solution. In this process, acetate usually becomes the major counter ion of the
guanidinium groups, but other inorganic ions are also mixed. In the case of STX, the uniform
HCI salt can be obtained by addition of a small amount of hydrochloric acid and lyophilization.
However, neoSTX and sulfated toxins are not so stable to hydrochloric acid and tend to decom-
pose on concentration. Another aspect of the toxin instability is the epimerization at C11 chiral
center of 11-O-sulfated toxins. The epimerization, which can take place at pH ~ 6 or higher,
is greatly accelerated by a trace amount of base, as discussed later. Thus, it is rather difficult
to store the solid forms of the compounds such as GTX-1-4 in pure form, since they usually
reach equilibrium mixtures of the o- and B-epimers.

lll. STRUCTURES OF PSP TOXINS

The earlier works on the structural elucidation of PSP toxins have been reviewed by a number
of investigators including myself (5,12,17,18). Therefore, only a brief summary of the structural
information is presented here.

The structure of STX was established first and gave the basic framework to elucidate other
PSP structures. The chemistry of STX was studied extensively by Rapoport and his coworkers
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(19). The highly nitrogenous structure was not easy to determine. The classic degradation studies
gave fragments including aromatic purine and pyrimidine derivatives. The oxidation also gave
guanidine and its derivatives as the final products. The unique tricyclic ring system was finally
determined by x-ray crystallography of the p-bromobenzene sulfate (20). Subsequently, gonyau-
toxin-I-VI (GTX-1-6), neosaxitoxin (neoSTX), and B- and C-toxins were isolated from toxic
shellfish and dinoflagellates and their structures determined (21-28). As often happens when
several groups work independently, some of the PSP toxins were given duplicate names. For
example, the B1-toxin described by Hall et al. (11) is identical with GTX-5 reported by Shimi-
zu’s group (5). The structures and names of all naturally occurring toxins including synonyms
are shown in Figure 3.

The structures can be divided into two major categories: The STX series and the neoSTX
series. The difference between the two groups is the presence or absence of N1-hydroxyl group,
which has profound effects on the stability and ionic character of the toxins. Another structural
variation come from the presence or absence of O-sulfate at C11 and N-sulfate groups on car-
bamoyl groups, which also greatly change the physical and chemical characters as well as phar-
macological characters. Added to the combinations are the decarbamoyl compounds (29,30).
In recent years, Oshima and other research groups have discovered a number of unconventional
toxins which carry an acetyl group instead of a carbamoyl group and 12-deoxydecarbamoyl and
12-acetoxy compounds (31,32). Also, his group found compounds whose 12-keto (hydrated)
group is reduced to alcohol (32).

o Ry Rpp Ay R,

Saxitoxin (STX}: Ry, Rz=H Neosaxitoxin (neoSTX): Ry, Rz=H
Gonryautoxin-ll (GTX2): Ry=-050y", Rz=H Genyautoxin-l (GTX1): R,=050y, Ry=H
Gonyautoxin-ll {GTX3): R,=H, R=-050y Ganyautoxin-I¥ {GTX4): R,=H, R,=-050;

Gonyautoxin.V {GTX5)=81: R,, Ry=H Gonyautoxin-VI {(GTX6)}=82: Ry, Rx=H
C1: B;=0805, Ro=H €3: R;=-080;, Ry=H
Gonyautoxin-Vill (GTX8)=C2: R;=H, R,=080,  C4: Ry=H, A=080,

(a)

Figure 3 (a—c) Structures of naturally occurring PSP toxin derivatives: their synonyms and commonly
used abbreviations.
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N
>=N'H2
Becarbameylgaxitoxin (deSTX): Ry, Ra=H
N Decarbamoyigonysutoxin-H (deGTX2): R;=-050;", R,=H
Decarbamoyigonyautoxin-lll {dcGTX3): Ry=H, R=-050,

=

NH Decarbamoyineosaxitoxin {dcNeoSTX): Ry, Ry=H
2 Decarbamoylgonyautoxin-l (deGTX1): R, =080, Rz=H
Becarbamoylgonyautoxin-i¥ (GTX4): Ry=H, Ry=-Q50y

13-C-acetyld barnoylsaxitoxin (13-0-deSTX): Ry, Re=H
13- O-acetytdecarbamoyigonyautoxdn-ll {13-0-deGTX2): R,=-050y", A=H
13-O-acetyidecarbamoaylgotyautoxin-1H {13-0-dcGTX3): Ri=H, A;=080,

(b)

A0

A R,
Decarbamoy!-12f-deoxysaxitoxin : Ry, Rz=H, Rs=H
{=Decarbamoyl-12c-saxitoxinol or dihydrosaxitoxing
13-C-acetyldecarbamoyl-12p-deoxysaxioxin : Ry, Az=H
13- O-acetyldecarbamoyl-12f-decxygonyautoxin-ill: B;=H, R=-050;

Decarbamoyloxysaxitoxin {doSTX): R,, Ry=H
Decarbamoyloxyganyautoxin-l {(doGTX2): Ry=-050,", Ry=H
Decarbamoyloxygenyautoxin-ll {deGTX3) {deGTXI): Ry=H, Ry=-050,

(c)
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IV. CHEMICAL AND PHYSICAL PROPERTIES OF PSP TOXINS

Generally, PSP toxins exist only in ionized form and are highly hygroscopic. Only a few of
them are known as crystalline salts. They are saxitoxin p-bromobenzene sulfonate salt (20),
saxitoxin hemi-ethylacetal hydrochloride (33), and C4-toxin (34), all of which were used for
x-ray crystallography. The heat stability of the toxins is a very important issue with respect to
food safety. Generally, PSP toxins are considered to be heat stable, and simple cooking can
not eliminate the toxicity. However, the stability varies greatly depending on the structures
and pH. Saxitoxin is extremely stable even at a high temperature at a low pH. The hydrochloride
solution can be stored without loss of its potency for decades. However, at above pH 8, it
degrades quickly even at ambient temperature, which suggests STX may not survive in sea-
water too long unless it is stabilized by complexation with other substances. On the other hand,
11-O-sulfate toxins undergo decomposition at elevated temperature even at an acidic pH; pro-
bably due to decomposition triggered by the solvolysis of the O-sulfate group. N1-hydroxy
compounds such as neoSTX are also more labile to acid and heat than STX. The carbamoyl-
N-sulfated toxins such as B-toxins and C-toxins are easily hydrolyzed with dilute mineral acids
to yield desulfated toxins, which are 100—1000 times more toxic than the original compounds
(11,26,27).

The basic structures of PSP toxins are composed of a 3,4-propinoperhydropurine tricyclic
system. The oxidation of the ring system with H,O, or other oxidants cleaves the propino ring
to give fluorescent aromatic aminopurine derivatives (12,34) (Figure 4). The reaction is the basis
for the detection and quantitative analysis of PSP toxins. The compounds from the STX series
toxins have UV maxima at 252 and 335 nm and emission maxima at ~390 nm (17). The neoSTX
series toxins seem to undergo a similar transformation, but the structures of the degradation
products have not been confirmed. All PSP toxins have two guanidinium groups. STX has two
pKa’s. The pKa of one of the guanidine groups is somewhat anomalous and its assignment was
a subject of discussion. Nuclear magnetic resonance (NMR) studies (36,37) showed that the
pyrimidine guanidine has the normal pKa of ~11, but the imidazol guanidine has a very low
pKa (Figure 5), suggesting that the three nitrogen atoms in the five-membered ring are not in
full hybridization owing to a ring strain and possibly suppression by the other ionized guanidi-
nium group. In fact, the x-ray crystallographic data indicate that the N8—C9 bond length is
longer than the other two bonds (20), which makes the group a substituted amidine rather
than a normal guanidine. Another important structural feature of PSP toxins is the presence
of a hydrated ketone at C12. The hydrated form is preferential because of the presence of

HaN

o
Y
th Hzozlgr t R
other oxidants N
STX, GTX A NH,
) s " J\ >—NH2 )\ H>_

H2N

HOOC 0 R
R=H or 0805

UV imax 252, 335 nm
Emission: ~390 nm

Figure 4 Oxidative degradation of PSP toxins to fluorescent purine derivatives.
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HZNYO
0 Yow
N
HN
)\ NH, T >=NH
Ha*N H
j 0
pKa11.5
STX hydrate dication STX hydrate monocation STX keto monocation
pHB8.4:24 %
pH 9.8:36 %

NeoSTX hydrate dication NeoSTX hydrate monocation STX Hydrate dication

A,
TUo

IIx
oE®
o0 -
BAP
88n
2R

NeoSTX keto mono
cation

Figure 5 Molecular species of saxitoxin (STX) and neosaxitoxin (neoSTX) in equilibrium around the
physiological pH and their compositions.

two electron-withdrawing guanidinium groups on the neighboring carbon, C4. The hydra-
tion alleviates the double-charge situation of the two neighboring carbons. In fact, once the
imidazol guanidine is deprotonated, the keto form emerges as the dominant species (35-37)
(Figure 5).

NeoSTX also has similar pKa’s and an additional pKa 6.75 (17,24). This was interpreted
as a result of the dissociation of the N1-OH group. Thus, after the dissociation of N1-OH, the
molecule is stabilized as a 1,2-dipolar form or ylide like N-oxide. The ratios of molecular species
at different pH were calculated on the basis of NMR data (36). As stated later, the dynamics
of the involved molecular species is important to interpret the data on toxin binding to the
receptors.

The net charge of the toxins, which is also an important factor to consider in separation
strategies and the toxin binding mode, varies by pH and structures. The net charge of STX is
between +2 and +1 in the pH range of 7 to 9. On the other hand, neoSTX net charge is between
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+2 and 0 in the same pH range. In the sulfate-bearing toxins, the net charges are between +1
and —2 depending on the number of sulfate groups and the presence or absence of the N1-OH
group (34,37). Also, the additional electron-withdrawing group at C11 is expected to increase
the hydrated form of the ketone.

Although the 12-keto group of PSP toxins is always depicted as the hydrate form, it under-
goes keto-enol equilibration. The keto component and enolization increase greatly at pH 9 or
higher. However, it should be noted that even at pH as low as ~6, slow enolization takes place.
This is the reaction used to prepare tritiated STX. It should be noted that it is a reversible process;
thus the tritium-labeling can be washed out by exchange with ambient protons, especially at
high pH. With the 11-O-sulfate toxins, the enolization results in the epimerization at C11, which
is greatly accelerated at high pH or by the presence of bases such as sodium acetate. Because
of this facile epimerization, 11-substituted toxins such as GTX-1-4 usually reach equilibrium
mixtures of o- and B-isomers, where the o-isomers are dominant with a ratio of approximately
3:1 (17) (Figure 6).

The 11-O-sulfate group in GTX-2 and GTX-3 and the N-hydroxyl group in neoSTX deriv-
atives can be removed reductively with zinc HCI or AcOH (17). The same treatment also reduces
the N1-hydroxyl group in neoSTX and GTX-1 and GTX-4. Similar conversions also take place
in vivo (39). Ichihara et al. looked at this in vivo conversion and discovered that sulfhydryl

0

i HN R
>,=N+H2 Zn-HC1, AcOH J\ >'=" Hy
N H2+N N

H or RSH

R=H, OH NH“YO

0
HN
N NaB(CN)H; Hﬂ)\}‘
>:N+H2
N \
H

i p-Saxitoxinol

o. (dihydroSTX)

NHZY

a-Saxitoxinol
{dihydroSTX)

Figure 6 Facile proton exchange and epimerization at C11 by enolization of the keto-form of PSP toxins
around the physiological pH.
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groups can reductively remove the O-sulfate group without enzyme (40,41). The interesting
reductive cleavage was further confirmed by other groups (42,43).

Reduction of STX with NaB(CN)H; gives a mixture of o- and B-isomers of 12-alcohol:
saxitoxinol (or dihydrosaxitoxin, 12-deoxysaxitoxin), which can be separated by careful chroma-
tography (36). Catalytic hydrogenation with Pt-H,, on the other hand, gives predominantly the
a-isomer (Figure 7). Interestingly, the o-ol derivatives occur naturally in the blue-green algae
(32) (Figure 7).

Prolonged heating of STX in 7.5N HCI hydrolyzes the carbamoyl group to give de-
carbamoylsaxitoxin (dcSTX) (44). Similar drastic treatment of sulfated GTXs or neoSTX
destroys the molecules. Decarbamoyl toxins have been also discovered in natural samples
(28,29).

The N-sulfate groups can be hydrolyzed easily in dilute mineral acids even at ambient
temperature (25,26). Interestingly, Oshima’s group discovered that heating the N-sulfo toxin
in near neutral solutions gives rise to decarbamoyl compounds (43). The reaction, which is
clearly assisted by a neighboring group participation, is remarkable in view of the great diffi-
culty associated with the hydrolysis of carbamoyl groups. These reactions are summarized in
Figure 8.

V. BIOSYNTHESIS OF PSP TOXINS

As soon as the structure of STX was elucidated, the biosynthetic origin of the unique molecule
attracted enormous interest. The conventional idea was that the tricyclic system was formed by

HaN

STX

GTX2: R=H GTX3: R=H
GTX1: R=0OH GTX4: R=0H

Figure 7 Reduction of PSP toxins: hydrogenolysis of 11-O-sulfate and formation of dihydrosaxitoxins
(saxitoxinols).
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HO.

7.5 NHCL A
HN

>:N+H2 J\
HatN

b1
STX Decarbamoylsaxitoxin (dcSTX)

>t

STX, NeoSTX,
Heat GTX2,3, 1, 4

B-, C-Toxins (GTXS, 6)

Decarbamoyl toxins

Figure 8 Acid hydrolysis of saxitoxin (STX), gonyautoxins (GTXs), and B- and C-type toxins.

addition of a C3 unit such as acrylic acid to a purine derivative (40). In fact, acrylic acid and
its precursors are abundant compounds in microalgae. Feeding experiments, however, led to a
totally unexpected pathway (45-48).

First, it was found out that guanido-'*C-arginine could be incorporated into guanidium
groups and carbamate of GTX2 (40). However, 1-*C-arginine was not incorporated into the
molecule. The crucial information for the origin of the skeleton came from the feeding experi-
ment using 2-'’N-2-83C-ornithine. The immediate precursor of arginine was found to be incorpo-
rated, the connectivity between N-*C was found intact in the neoSTX molecule as proved by
N-1C spin-spin coupling seen in NMR (Figure 9) (45). As said before, 1-*C-arginine was not
incorporated. Instead, acetate was incorporated at C5 and C6 as a unit. Therefore, it was postu-
lated that the first step in the biosynthesis is the Claisen-type of condensation of acetyl CoA
on the o-carbon of arginine followed by decarboxylation, amidine group transfer, and double
cyclization. The C13 side chain carbon is derived from the C1 pool, with S-methyladenosine
(SAM) as the direct precursor. The feeding of methyl-*C-methionine-methyl-d; resulted in the
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Figure 9 Incorporation patterns of some key labeled precursors into paralytic shellfish toxins.

methyl transfer with a loss of two deuterium atoms. It was also concluded by feeding 1-"*C-
acetate-d; that there is a migration of a hydrogen atom from C6 to the angular C5.

Based on these findings, the entire biosynthetic pathway was proposed as shown in Figure
10. The pathway involves several interesting features. First, the Claisen-type condensation on
the o-carbon of an amino acid is rarely seen, but the key precursor in porphyrine biosynthesis,
aminolevulinate, is known to be formed by the condensation of succinate on glycine. Another
noticeable aspect of PSP toxin biosynthesis is a heavy involvement of arginine in the biosyn-
thesis.

Vl. BIOCONVERSION OF PSP

Although the exact biosynthetic sequence of a number of PSP toxins in the producing organism
is not known, there is some information with respect to the conversion of the toxins in vivo.
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Figure 10 The biosynthetic pathway of paralytic shellfish toxins proposed by Shimizu et al (48).

Yoshioka and Shimizu first demonstrated that, in scallop tissue homogenates, GTXs and
neoSTX could be converted to saxitoxin (39). In their experiment, both O-sulfate and N-hy-
droxyl were reduced to give saxitoxin as the final products (Figure 11). Kotaki et al. demon-
strated that similar conversions could take place microbiologically (49). Sullivan et al. reported
that both carbamoyl and carbamoyl-N-sulfated toxins could be converted to the decarbamoyl
compounds in the littleneck clam, Prototheca staminea (29). Although all these reports seem
to point at saxitoxin as the final product in the metabolism, Oshima et al, studying the enzymatic
and nonenzymatic conversion of PSP toxins in shellfish and the causative dinoflagellates, dem-
onstrated that the homogenate of Alexandrium tamarense can oxidize GTX-2 and GTX-3 to
GTX-1 and GTX-4 (43). They also showed that Gymnodinium catenatum homogenate can intro-
duce a sulfate group on a carbamoyl group to produce C1 and C2 toxin. These enzymatic capabil-
ities seem to reflect the toxin profiles found in these organisms (Figure 12).

Vil. TOTAL SYNTHESIS OF SAXITOXIN

At present, saxitoxin is the sole toxin that has been totally synthesized. The conversion of STX
to other PSPs except decarbamoyISTX has not been achieved. The first synthesis of saxitoxin
was accomplished by Kishi’s group at Harvard (50). The other synthesis by Jacobi’s group,
which was reported some years after Kishi’s accomplishment, took a quite different route, which
claimed to be biomimetic (51). The key steps of both syntheses are shown in Figures 13 and 14.

As the amount in the STX depository is dwindling, the procurement of STX is becoming
an important issue. However, either of the syntheses, which take more than 10 steps not counting
the synthesis of the starting material, is not easily done as a routine practice. Isolation from
contaminated shellfish or a cultured organism is still the easiest and the most economical method
for obtaining PSP toxin.
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Figure 11 Reductive bioconversions of PSP toxins by shellfish and bacteria.
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Figure 13 The major steps in Kishi’s total synthesis of saxitoxin (STX).
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Figure 14 The major steps in Jacobi’s synthesis of saxitoxin (STX).
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VIIl. TOXICITY AND CHEMICAL STRUCTURES

PSP toxins are neurotoxic. Manifested symptoms in paralytic shellfish poisonings include a
tinkling sensation of the lips, numbness of extremities, gastrointestinal problems, and difficulty
in breathing (52). The onset of the symptoms of PSP is fast, and death usually occurs within
12 hs. Lavage at the early stage of the poisoning is effective to remove the toxins in the stomach.
Once absorbed, however, there is no confirmed antidote for the intoxication, and treatments are
limited to symptomatic ones. Since respiratory paralysis is usually the direct cause of death,
respiratory aids such as the use of an iron lung is an effective method to save lives. Once patients
recover, the prognosis is good and there are no long-term ill effects sometimes seen in other
neurotoxin poisonings such as intoxication by ciguatoxin.

The PSP toxins cause paralysis of neuromuscular systems. The mechanism of action is
the blockage of sodium channels in excitable membranes, which results in stoppage of the propa-
gation of neuronal impulses. The similarity of action of STX to that of another prominent marine
toxin, tetrodotoxin (TTX), has been recognized from early days. Thus, the two toxins have been
studied side by side and discussed together (35,53). Their high selectivity to bind to a specific
site of the sodium channel made them an invaluable tool to study the function of the channel
and related neuromuscular systems. Both PSP toxins and TTX are specific to the so-called site
1, one of the several known toxin-binding sites on Na* channels (55). In 1975, based on the
newly revealed structures, Hille presented the first binding model, which depicted the toxin
molecule penetrating rather deep inside of the channel and plugging the channel, making an
ion pair with an anionic site which is supposed to be located near the bottom of the channel
(Figure 15) (55). As the structures of gonyautoxins and other new PSP toxins were starting to
be unfolded, however, it become evident that the model, as it was, could not explain the lack
of anticipated steric interactions of the new toxin molecules. For example, GTX-2 and GTX-3
showed the same order of activity as STX in the voltage clamp or binding assays even though
they possess O-sulfate groups on C11. In the Hille model, such bulky, charged groups in both
o~ and B-orientation are expected to prevent the penetration of the molecules or have at least
a drastic effect on the toxin binding. All alternate models proposed the binding site on the
extracellular membrane or cavity (Figure 16) (56—58). Here one controversial issue was about
the nature of the bond between the channel and the toxins. Since the structure of STX was
shown to have a hydrated ketone, there has been a persistent speculation that it may form an
easy covalent bond with a nucleophilic group such as —OH, —NH,, or —SH on the channel
protein. The covalent bond model was an attractive one, because it could explain the tight bind-
ing of the toxins. Moreover, studies on the pH dependency of the activity showed that, in a
lower pH range, in which the ketal formation is prevalent, an enhancement of activity was seen

H N2 H
2 N

N 0%0
OH ﬂ
OHHNYNH /
NH, %

Figure 15 A plugging model of the binding of Na* channel with saxitoxin (55).
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Figure 16 Alternative models proposed for saxitoxin-Na® channel binding: (a) by Shimizu (57), (b)
Kao and Walker (56), and (c) Strichartz (58).

(56). This pH dependency, however, can be also explained by assuming that the hydrogen bond
formation with either or both hydrate OH groups is crucial.

One problem with the covalent bond model is that it is difficult to find a group similar
to ketal in TTX, which acts very much like STX. The chemical characteristics of the ortho-
ester in TTX is quite different from those of ketal and unlikely to form a covalent bond in an
easily reversible manner. On the other hand, comparison of the structure of the protonated,
ortho-ester form of TTX with that of hydrated STX shows that both molecules share remarkably
close arrangements of two hydroxyl groups and guanidinium moiety with STX. Thus, Kao and
Walker proposed a model which placed the toxin molecules on the outside edge of the channel
with the guanidinium group on the top of the channel entrance (54). Independently, Shimizu
suggested a three-point binding model with two hydrogen bonds with the ketal OHs and ion
pairing of the guanidinium group with an anionic site on the outside surface of the mem-
brane (56).
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There are other facts which favor the hydrogen bond models. First, dihydroSTXs (=saxi-
toxinols or 11-deoxySTXs), especially B-isomer, which can no longer form the covalent bond,
still retain activity, although at a diminished level (58,59). In other words, the ability to form
a covalent bond is not an exclusive requirement for the binding. More precise information re-
garding the toxin-binding mode has come from the molecular biological studies of the sodium
channel.

The first cloning of the sodium channel was done by Numa’s group (60) in which the
channel was isolated from the electric eel. Subsequently, channels from other sources have been
also cloned and sequenced. Generally, they have four repeating units (I-IV), and each repeating
unit consists of six transmembrane o-helical segments (S1-S6) (61) (Figure 17). The precise
arrangement of these segments and their roles in selective ion filtration and the gating mechanism
have been discussed and reviewed by several investigators (54,62). In summary, the extracellular
loop sections of S1-S2 (P-loops) are considered to be the PSP toxin—binding site. The functional
channel can be expressed in the oocyte of the Xenopsis frog by introducing cRNA. Noda et al.,
using the point-mutation technique, replaced glutamate 387 (Glu387) with glutamine, and
showed that the resulting channel was no longer inhibited by STX or TTX (63). The result
shows that the dissociable glutamate carboxylic acid is essential for the effective inhibition.
Since then, several other amino acids in the outside segments have been point mutated and
found to be important for the toxin binding (64—67). They are, in addition to Glu387, Asp384,
Glu942, and Glu945. Replacement of these acidic amino acids with the corresponding neutral
amide derivatives resulted in almost complete loss of activity. These findings seem to indicate
that the imidazol guanidinium group is not counterioned by a single carboxylate but probably
by two or three groups. The two hydrate hydroxyl groups probably form cyclic hydrogen bonds
with a carboxylic acid of Glu945 (758) in a manner similar to the dimeric form of carboxylic
acid. The fifth carboxylate (Asp1717) interacts with the pyrimidine guanidinium group, which
is absent in TTX. The toxin is trapped in a pocket surrounded by five carboxyl groups (Figure
18). Lipkind and Fozzard suggests that this pocket may be the Na* channel itself through which
hydrated sodium ions penetrate (67).

A

Figure 17 The topology of Na* channel proposed by Noda et al (61). The Roman numerals show the
repeating transmembrane segments: (A) a side view and (B) an overview.
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Figure 18 Possible interactions of the energy-minimized structure of saxitoxin molecule and the Na*
channel amino acids. The positions of the amino acids are plotted according to the coordinates described
by Lipkind and Fozzard (67).

IX. STRUCTURAL DIFFERENCES AND CHANNEL
SUBTYPES (ISOFORMS)

An often asked question is whether all PSP toxins effect the same pharmacological action.
Although all PSP- and TTX-type toxins are considered to have the same receptor site, it has
been noticed that there are some significant differences in affinity depending on the structures
of the toxins and also channel isoforms (35). Sodium channels (actually other ion channels too)
share the majority of conserved amino acid sequences. However, there are some subtle but
important differences in the channel structures in the isoforms. For example, phenylalanine 385
in the SS2 portion of the rat brain channel (type II) is replaced with tyrosine and cysteine in
the sodium channels from skeletal and cardiac muscles, respectively. These differences may
lead to different clinical manifestations depending on the toxin structures.

First, TTX lacks the second guanidinium group, which should void the ionic interaction
with Asp1717. In fact, the point mutation of Asp1717 to Asnl717 almost wiped out the STX
activity, but the activity of TTX diminished only by two orders. On the other hand, the replace-
ment of Tyr401 (or Phe385) with Cys (in cardiac isoform) reduces TTX activity twice more than
STX activity. It may indicate the importance of hydrophobic interaction in the initial approach of
the toxins, and it may not be surprising that TTX, with lack of an ionic group at the side, is
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more affected by this. The repeat III also has a carboxylic acid moiety (Asp1426) at the corre-
sponding location, but it does not seem to have a direct interaction with the toxin, but rather
the neighboring Met1425 is recognized to have a nonbonded interaction with STX. The nature
of this interaction is not known, but it is interesting that the replacement of methionine with
cationic lysine was reported to have resulted in the loss of activity.

As stated earlier, the presence of both o~ and -O-sulfate groups at C11 (e.g., GTX2 and
GTX3) seem to have little influence on the toxicity, suggesting C11 is completely unobstructed
in o and P directions. The presented picture does not contradict this notion. One important
question is the possible effect of the N1-hydroxyl group, which is found in almost half of PSP
toxins.

The mouse toxicity of neoSTX is comparable to that of STX. However, it was noted that,
in the frog sciatic nerve, the potency of neoSTX is almost 4.5 times that of STX, and the
dissociation constant of neoSTX is about one fourth or one fifth that of STX (35,58). The inter-
pretation of this finding may need further investigation. Interestingly, the potency of neoSTX
is more dependent on pH than that of STX and is sharply enhanced at a low pH range, where
the N-OH is expected to be in protonated form (58,68).

Another puzzling finding which needs further investigation is the apparent lack of mouse
toxicity with 13-deoxysaxitoxin (13-doSTX) (69,70). Since the toxicity of 13-hydroxyl com-
pounds is comparable to that of STX (e.g., dcSTX’s mouse toxicity: 70% of STX’s [44]), it
may suggest that some kind of interaction (e.g., hydrogen bond on 13-O) may be needed in the
transition state.

The carbamoyl-N-sulfated toxins (e.g., GTXS5, GTX6, B- and C-toxins) have drastically
diminished toxicity (26,27). It was suggested earlier that there must be a repulsive interaction
with an anionic site on the membrane which prevents the settling of the toxin molecule (68).
Aspl717 fits one such anionic site in the model.
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Chemical Analysis of PSP Toxins

Bernd Luckas
University of Jena
Jena, Germany

. INTRODUCTION

Paralytic shellfish poisoning (PSP) toxins are potential neurotoxins which specifically block the
excitation current in nerve and muscle cells and this finally results in signs of paralysis. Conse-
quently, the development of analytical methods for the determination of poisoning caused by
PSP toxins was an important task. The mouse bioassay unambiguously gives evidence of the
toxic potential of a sample, since the application of higher toxin concentrations yields a shortage
of the time of challenge to death of the laboratory animals. However, these biological tests only
reveal the total PSP toxicity of a sample expressed in MU (mouse units)/kg or PSP/kg. A
specification of the toxins is impossible and the mouse bioassay is not suitable for studies on
the formation and effect of individual PSP toxins (e.g., variations in the toxin profiles cannot be
monitored by mouse bioassay). There is also an ethical problem associated with mouse bioassay
because of the killing of large numbers of animals (1).

Il. SAMPLE PREPARATION

Independent of the type of the determination method, PSP toxins have to be quantitatively ex-
tracted from the sample materials. The standard method using 0.1N hydrochloric acid as extrac-
tion solvent was suggested by the Association of Official Analytical Chemists (AOAC). The
sample and the extraction solvent are heated for 5 min at 100°C. Hereby the N-sulfocarbamoyl
toxins are converted into the respective carbamate toxins and B1-, B2-, and C1-C4—toxins are
no longer present in the extracts (2). However, these extracts are suited both for the mouse
bioassay and other methods for PSP determination (Figure 1). The extraction with 0.1N hydro-
chloric acid is useful in a monitoring program, because the aim is the detection of toxicity in
food, but it may be an inconvenience if the objective is to study the toxin profile in the food
sample. However, the natural toxin pattern could be observed by extracting samples with acetic
acid (3).

Fresh sample material (1 g) was mixed with acetic acid (0.03N, 3 mL) using an Ultra-
Turrax. The mixture was centrifuged for 10 min (2980 g) and passed through a 0.45-um nylon
filter. A second sample (1 g) was extracted with hydrochloric acid (0.2N, 3 mL); mixing, centrif-
ugation, and filtration were executed as described above.
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100 g shellfish meat |
(1} Homogenization with a blender

(2} Add 100 mL 0.1 N HCI, and adjust pH to 2-4 (preferably 3)
(3) Boil for 5 min.

(4} Let cool and adjust pH to 2-4 (preferably 3)

(5) Dilute 10 200 mL

(6) Filtrate or centrifuge to obtain a clean sclution

lBioassay {1 mL of the solution intraperitoneally) h

(7} Ultrafiltration (0.45 pm or molecular weight cut off filier)

[HPLC injection |

Figure 1 Sample preparation according to AOAC.

The extracts obtained from both procedures were injected separately into the high-perfor-
mance liquid chromatography (HPLC) system. After separate injection of the different extracts
into the HPLC system, determination of N-sulfocarbamoyl toxins is possible by calculating the
peak height increases for the carbamoyl toxins formed (4).

lll. SPECTROPHOTOMETRIC ASSAY

In 1975, a fluorometric method was recommended for PSP determination in samples in addition
to the mouse bioassay (5). PSP toxins which exhibit neither ultraviolet (UV) absorption nor
fluorescence were oxidized in alkaline solution to fluorescent pyrimidino purins (6). After acidi-
fication, the intensity of the fluorescence of the oxidation products was measured in the solution
(Figure 2). Individual PSP toxins differ both in toxicity and fluorescence intensity after oxidation
(7). As a group, the carbamate toxins (STX [saxitoxin]), NEO, and GTX1-4 [gonyautoxins])
are the most toxic, the N-sulfocarbamoyl toxin (B1, B2, and C1-4) are the least toxic, and the
decarbamoyl toxins have intermediate toxicity (3). However, no correlation exists between toxic-
ity and fluorescence intensity (Table 1). Therefore, a chromatographic separation of the PSP
toxins was suggested prior to the determination of the fluorescence. Total toxicity is calculated
from the individual toxin concentrations and the absolute toxicities for each of the PSP toxins
using the equation:

T = Y [C() T(i) D (CF): 10]

where T = total toxicity (in micrograms of STX/100 g); C(i) = concentration of individual
toxins (in micromolars), T(i) = toxicity of individual toxins (in mouse units per micromoles);
D = dilution of extract (in milliliters per gram of meat); and CF = conversion factor (in micro-
grams of STX per mouse unit) (8).

IV. CHROMATOGRAPHY

Since the methods based on the oxidation/fluorescence assay does not give any information
about individual toxins, it is imperative to know what PSP components are in the sample under
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Figure 2 Alkaline oxidation of saxitoxin (5).

Table 1 Toxicity of PSP Toxins (MU/umol)
and Relative Fluorescence Intensities of PSP
Toxins After Derivatization

Relative
Toxin fluorescence® Toxicity®
STX 1.0 2100
NEO 0.04-0.3 2300
deSTX 0.71-0.42 900 3
GTX-1 0.05 1900 5
GTX-2 1.8 100 &
GTX-3 1.8 1600 i
GTX-4 0.05 1900 3
B1 (GTX-5) 0.41 150 g
B2 (GTX-6) 0.05 150 g
Cl (epiGTX-8) 0.48 17 g
C2 (GTX-8) 0.48 258 3
5]
2 From ref. 3. =
b ©
From ref. 8. =
B
>
&
&
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study. Therefore, more sophisticated analytical methods have been developed. HPLC is the most
widely used technique that allows the necessary sensitivity and separation to study each toxin (3).

There are several HPLC methods for PSP determination described in the literature. All
are based on fluorescence detection of the oxidized PSP toxins. Yet the formation of a purin
that becomes fluorescent in acidic solution can be done before or after the chromatographic
separation.

A. HPLC with Precolumn Derivatization

Lawrence et al. (9) proposed liquid chromatographic methods with prechromatographic oxida-
tion using both hydrogen peroxide and periodic acid. The N1-hydroxylated toxins NEO, B2,
GTX-1, and C3 formed fluorescent products after periodate oxidation at ca pH 8.7, but did not
form fluorescent derivatives with peroxide oxidation. The non—N1-hydroxylated toxins STX,
B1, GTX-2, GTX-3, C1, and C2 formed highly fluorescent derivatives with both peroxide and
periodate oxidation. The addition of ammonium formate to the periodate oxidation reaction
greatly improved the yield for the N1-hydroxylated toxins (10).

Because the oxidation products of NEO and B2 could not be separated, parent compounds
were separated before oxidation by using an ion-exchange cartridge.

Both periodate and hydrogen peroxide oxidations produce two fluorescent products for
GTXs, dcGTXs, deSTX, and dcNEO. However, the determination of NEO failed by application
of hydrogen peroxide oxidation. Additionally, it is important to know how decarbamoyl toxins
behave and whether they interfere with the quantification of other PSP toxins (Figure 3). The
importance of a complete chromatographic separation of all PSP toxins which contribute to the

¥ §
EE &
g L)
IR
33 g
g rJ—| =
g &
& al
& 4
__J\*M U | NEO
| ®2)
0 8 16 24 [min)
GTX3/4
{C3/4)

Figure 3 Hypothetical chromatogram of oxidation products of PSP toxins (11).
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total PSP toxicity prior to the quantification with a fluorescence detector was recently confirmed
in an intercalibration exercise. The results clearly demonstrated that HPLC methods for the
determination of PSP toxins are superior to enzyme-linked immunosorbent assays (ELISAs)
especially developed for the determination of STX (12).

Additionally, the intercalibration exercise demonstrated that the alkaline oxidation of the
PSP toxins has to be performed after the chromatographic separation of the underivatized PSP
toxins (postcolumn derivatization). On the other hand, varying results obtained with different
chromatographic methods suggested for the determination of PSP toxins require a careful evalua-
tion of the results (13). Consequently, in the following sections methods are only described on
the basis of chromatographic separation of the underivatized PSP toxins and postcolumn oxida-
tion prior to fluorescence detection.

B. HPLC with Postcolumn Derivatization

The breakthrough in the use of HPLC methods for PSP determination took place in 1984 when
Sullivan et al. (14) succeeded in the separation of underivatized PSP toxins by ion-pair chroma-
tography with alkylsulfonic acids in an HPLC device with the postcolumn derivatization system
(Figure 4). The stationary phase consisted of polystyrene-divinylbenzene. A solvent gradient
was used with a phosphate buffer containing n-hexane sulfonic acid and n-heptane sulfonic acid
as ion-pair formers. The postcolumn derivatization used periodic acid as the oxidizing reagent.
This method allows a good separation of the carbamate toxins (Figure 5).

A disadvantage of the method was coelution of STX and dcSTX resulting in a wrong
total PSP toxicity, since STX is twice as toxic as dcSTX. Therefore, a separate determination
of STX/dcSTX is definitely necessary for a comparison of the HPLC results with the results
of the mouse bioassay (15).

Oshima et al. (16) described the entire HPLC separation of PSP toxins. In dependence
on the acidity, three groups of PSP toxins were determined after isocratic elution on three HPLC
systems (group 1: C1-C4; group 2: GTX-1-4, dcGTX-1-4, B1, and B2; group 3: NEO, dcSTX,
and STX). An RP-Cg column was applied as the stationary phase. Tetrabutylammonium phos-
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el T=-% o o]
fluorescence
detector

E2: eluent 2 R1: Reaction solution |

@

El: gluent1

R2: Reaction solution 2

Figure 4 HPLC system with postcolumn derivatization for determining PSP toxins (4).
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Figure 5 HPLC separation of PSP toxins according to Sullivan et al. (14).

phate (eluent A) was used for the separation of the N-sulfocarbamoyl-11-hydroxysulfate toxins
C1-C4, and eluent B and eluent C contained n-heptanesulfonic acid as ion-pair formers for the
separation of the carbamate and decarbamoyl toxins. This method suffers from its high expendi-
ture; that is, three chromatographic runs for the quantitation of all PSP toxins in a sample. Figure
6 shows the HPLC separation of the carbamate toxins with eluent B and the decarbamoyl toxins
with eluent C as suggested by Oshima et al.

Thielert et al. (17) introduced ion-pair chromatography on an RP-C s phase using n-octane-
sulfonic acid and ammonium phosphate in the eluent. Isocratic elution enabled separation of
STX and deSTX but problems arose for the separation of GTX toxins.

A gradient with two buffers was introduced to overcome this problem. Both eluents con-
tained n-octanesulfonic acid, phosphate, and tetrahydrofuran. The second eluent additionally
contained acetonitrile. This HPLC method allows an extensive separation of the carbamate,
decarbamoyl, and N-sulfocarbamoyl toxins. Unfortunately, GTX-1 and GTX-4 coeluted with
this method (Figure 7).

To exclude inaccuracies during the PSP determination with HPLC (mainly caused by
interferences), it is recommended that two different HPLC methods be applied for the determina-
tion of PSP toxins in seafood. The joint evaluation of the chromatograms obtained with the
different HPLC methods results in an exact quantification of all PSP toxins relevant for the
calculation of the total PSP toxicity in a sample.

Application of the HPLC methods introduced by Thielert et al. (17) and Oshima et al.
(16) is a suitable solution for this problem. It is advantageous that the elution order of GTX-2
and GTX-3 is reversed by using n-octanesulfonic acid (Thielert et al.) instead of n-heptanesul-
fonic acid (Oshima et al.).
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Figure 6 HPLC separation of PSP toxins according to Oshima et al. (16). (a) Eluent B. (b) Eluent C.
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Figure 7 HPLC separation of PSP toxins according to Thielert et al. (17). Sample: mussel extract (Myfi-
lus edulis), Spain 1990.
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The HPLC method of Oshima et al. (16) can be modified with a two-step elution using
eluent B and C. In contrast to the HPLC method of Sullivan et al., no complex gradient is
necessary and the HPLC analysis of PSP toxins is performed by simply switching from the first
eluent to the second, which is in agreement with the HPLC method of Thielert et al. (17).

High concentrations of phosphate and ion-pair reagent in the eluent stabilize the chromato-
graphic system, particularly after injection of extracts containing many matrix components into
the HPLC system. Consequently, neither baseline drift nor variations in the retention times are
observed by application of HPLC methods with higher concentrations of ammonium phosphate
in the eluents (4). Therefore, the maintenance of a concentration of 40—50 mM ammonium
phosphate in the buffers used as eluents by the HPLC method of Thielert et al. (17) was consid-
ered as a matter of course by experiments directed at overcoming the shortcomings of this
method; that is, the coelution of GTX-1 and GTX-4.

Hummert et. al. (18) developed a very efficient HPLC method for PSP determination
based on eluents also used by the HPLC method according to Thielert et al. (17). A new HPLC
column was applied and an eluent, C, was introduced besides eluents A and B. Additionally,
the pH of the eluents were enhanced to the optimal value 6.9, and a four-step elution was
proposed (Table 2).

Table 2 Determination of PSP Toxins by HPLC and Fluorescence Detection
According to Hummert et al. (18)

HPLC
Column: Luna C18 (Phenomenex), 250 X 4.6 mm ID, 5 u

98.5% 40 mM ammonium phosphate buffer (pH 6.9) with
Eluent A: 11 mM octanesulfonic acid (sodium salt)

1.5% tetrahydrofuran
83.5% 50 mM ammonium phosphate buffer (pH 6.9) with
Eluent B: 15.0% acetonitrile
1.5% tetrahydrofuran
98.5% 40 mM ammonium phosphate buffer (pH 6.9) with

Eluent C: 1.5% tetrahydrofuran
time eluent A eluent B eluent C flow

Gradient: Step  (min) (%) (%) (%) (mL/min)
1 0.0 50 0 50 1
2 13.5 50 0 50 1
3 15.5 0 100 0 1
4 30.0 0 100 0 1
5 31.0 100 0 0 1
6 45.0 100 0 0 1
7 46.0 50 0 50 1
8 57 50 0 0 1

Postcolumn oxidation

Oxidation solution: 40 mL ammonia solution (25%) and 1.14 g periodic acid in

500 mL water
Acidifying solution: 30 mL acetic acid (100%) in 500 mL water
Reaction conditions: ~ 50°C, 1 min (10-m coil), flow 0.3 mL/min for both solutions
Detection: fluorescence, Ex.: 330 nm Em.: 390 nm
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Paralytic Shellfish Poisoning 181

The optimized HPLC method was successfully applied for separate determination of PSP
toxins in algae and mussels from China (19). The presented chromatograms show clearly that
the separation, especially for GTXs, was improved dramatically in comparison to the Thielert
method (17) (Fig. 8).

It is recommended that positive findings of PSP toxins be confirmed by application
of mass spectrometry. However, phosphate, ion-pair formers as well as periodic acid
from the postcolumn derivatization unit prevent an efficient application of the HPLC/MS
coupling.

Recently, an HPLC method was developed for the PSP determination which allows a
direct coupling of the HPLC with the mass spectrometer. Separation of the PSP toxins was
obtained on a weak cation-exchange resin (PRP X-200, Hamilton, no. 25041470) using an aque-
ous eluent with ammonium acetate as the only additive. In case of a parallel application of
HPLC/MS and fluorometric detection, electrochemical postcolumn derivatization is suggested
in order to avoid contamination of the ion source with chemical oxidation substances (20). This
HPLC method does not only enable a determination of PSP toxins by HPLC/MS, but it is also
well suited for the production of PSP standards from contaminated algae and mussels (Figures
9 and 10).
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Figure 8 HPLC separation of PSP toxins according to Hummert et al. (18). (a) PSP standard mixture.
(b) Alexandrium tamarense (extracted with 0.03N acetic acid).
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Figure 9 Separation of PSP toxins on a PRP-X200 column (20). Extract of cultivated Aphanizomenon
Sflos-aquae.
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Figure 10 HPLC-atmospheric pressure ion source/electrospray ionization (API/EST) mass spectrum of
STX (20).

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 0



Paralytic Shellfish Poisoning 183
V. CAPILLARY ELECTROPHORESIS

There are several options for analyzing PSP toxins other than HPLC. The highly polar nature
of these compounds and the lack of UV chromophores absorbing above 220 nm necessitates
reversed-phase HPLC using ion-pairing reagents and postcolumn derivatization permitting fluo-
rescence detection.

Although the HPLC methods with fluorescence detection offer good sensitivity and
dynamic range for the separation and detection of the different PSP toxins, the sensitivity is
dependent on parameters such as reagent concentrations, reaction time, pH, and temperature
of the oxidation reaction. Therefore, a capillary electrophoresis (CE) method with UV detec-
tion was developed for the separation and determination of the underivatized PSP toxins
210).

Separation by CE is obtained by differential migration of solutes in an electric field. In
CE, electrophoresis is performed in narrow-bore capillaries, which are usually filled only with
buffer. The use of the capillary has numerous advantages, particularly with respect to the detri-
mental effects of Joule heating. The use of high electric fields results in short analysis times
and high efficiency and resolution. Peak efficiency is due in part to the plog profile of the electro-
osmotic flow (EOF), an electrophoretic phenomenon that generates the bulk flow of solution
within the capillary. The EOF also enables the simultaneous analysis of all solutes, regardless
of charge.

The versatility of CE is partially derived from its numerous modes of operation. The
separation mechanisms of each mode are different and thus can offer complementary informa-
tion. Capillary zone electrophoresis (CZE) is fundamentally the simplest form of CE; mainly
the capillary is only filled with buffer. Separation occurs because solutes migrate in discrete
zones and at different velocities. In CZE, selectivity can most readily be altered through changes
in running buffer pH or by the use of buffer additives.

Capillary isotachophoresis (CITP) is a ‘‘moving boundary’’ electrophoretic technique. In
CITP, a combination of two buffer systems is used to create a state in which the separated zones
all move with the same velocity. The zones remain sandwiched between so-called leading and
terminating electrolytes.

In a single CITP experiment, either cations or anions can be analyzed (22). The application
of on-column sample reconcentration with CITP and discontinuous buffer systems prior to CZE
has been investigated for the analysis of PSP toxins (23).

A judicious choice of leading and terminating electrolytes for the preconcentration step
has provided an improvement of the concentration detection limit of at least two orders of
magnitude over that obtainable using the conventional CZE format. CITP/CZE separation of a
mixture of eight PSP standards, performed using a 107 cm X 75 um ID column with 35 mM
morpholine as the leading electrolyte, is presented in Figure 11.

Buzy et al. (24) demonstrated the application of such a stacking procedure prior to the
CZE for the analysis of decarbamoyl toxins. The separation conditions developed were found
to be entirely compatible with electrospray mass spectrometry, which permitted the analysis of
PSP toxins and their decarbamoyl derivatives in crude enzyme digests. The products released
during the enzymatic digestion were identified using CE combined with tandem mass spectrom-
etry.

However, CE separations demand highly purified extracts to obtain reproducible separa-
tion. Additionally, the handling of the extremely small volumes for injection results in about
one magnitude higher limits of detection of the method compared to the HPLC with fluorescence
detection.
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Figure 11 CITP/CEZ/UV analysis of a mixture of eight PSP standards (23). Injection of 2.2 uL of a
solution containing 500 ng/mL GTX-1 and GTX-2 and 200 ng/mL for all other PSP toxins.

VI. CONCLUSIONS

The more perfect the determination of the concentrations of the respective PSP toxins, the
more exactly will be the calculation of the total PSP toxicity. This follows from the fact that
the total PSP toxicity after HPLC or CE separation is obtained by summing up the individual
PSP toxicities. Therefore, the unambiguous assignment of the peaks in the chromatograms to
definite PSP toxins is necessary for a proper quantification of PSP toxins. Then, the value of
the total PSP toxicity obtained by a chemical method agrees well with the results of the mouse
bioassay (1). Although the mouse bioassay is still obligate for the export of seafood, the chemical
methods for the determination of PSP toxins already has reduced the number of animal experi-
ments.
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. INTRODUCTION

Paralytic shellfish poisoning (PSP) is the accepted epidemiological description of the toxic
and potentially fatal syndrome caused in humans by the ingestion of a complex of organic
compounds known as saxitoxins (STXs) and the related compound tetrodotoxin (TTX) and
their analogues (1,2). Saxitoxins and tetrodotoxins are guanidinium-containing highly toxic
compounds (1,2) (see Chap. 7). By far the most frequent pathway of human intoxication
is the consumption of shellfish that have fed on toxic phytoplankton and have accumulated
these toxins above a threshold level (currently 80 pg STX equivalent per 100 g of tissue
[3]). Within minutes to a few hours, PSP develops as a loss of muscle coordination, ascend-
ing paralysis, deep coma, and death by cardiorespiratory failure. Symptoms described as
PSP (4) (see Chap. 10) are caused by the high-affinity binding of STXs to voltage-depen-
dent sodium channels (VDSCs) in neuronal and muscle cells (5—11). As a result of toxin-
receptor interaction, the flux of sodium ions into the cells through the channels is blocked,
impairing and/or abolishing the generation and conduction of electrical impulses or action poten-
tials.

In this chapter, we review first the molecular and biophysical basis of the action of saxitox-
ins and tetrodotoxins, toxins that reversibly block sodium channels at nanomolar concentrations
in a dose- and time-dependent mechanism. The chemistry and analytical techniques that measure
the mass of a saxitoxins/tetrodotoxins are reviewed in Chapters 7 and 8. For the purpose of
this chapter, we have narrowly defined as ‘‘biological methods’’ those assays where the endpoint
is related toxin-receptor interaction; that is, binding of the saxitoxin molecule(s) to site 1 in the
a-subunit of the VDSC. With these criteria we discuss here bioassays (e.g., mouse or fly tests)
and in vitro assays for PSP, such as citotoxicity tests, cell receptor-based assays, and electrophys-
iological assays.
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II. ETIOLOGY

Harmful algal blooms (HABs) are natural phenomena triggered by complex environmental
signals that, in several instances, have been associated with nutrient inputs from human
activities (12,13). About 300 of the estimated 3400-4100 phytoplankton species produce
“‘red tides’” but only 60-70 species are actually harmful (14). Dinoflagellates are the most
noxious, and it is notable that only 10—12 species are primarily responsible for the current
expansion of HABs worldwide (15,16). Toxic dinoflagellates produce potent nonpeptidic
neurotoxins (1,17). Among them, saxitoxins (1,18), brevetoxins (19), and ciguatoxins (20)
have the sodium channel protein as their sole molecular target and bind with high affinity
to specific sites of the o-subunit (21-24). Fatal PSP intoxications represent the most serious
threat of marine origin to public health. PSP is caused by the ingestion of a variable mixture
of saxitoxins. PSP toxins include the parent compound saxitoxin (STX) and a number of de-
rivatives. Saxitoxins and tetrodotoxins are examples of the few highly lethal nonpeptidic
toxins (1,2). Saxitoxins are synthesized by a limited number of species of marine toxic dino-
flagellates (2,18), freshwater cyanobacteria (25), and marine bacteria (26,27). The related
guanidinium-containing compound tetrodotoxin and its analogues are also produced by fresh-
water cyanobacteria (25). These toxins are reversible blockers of VDSCs and have been con-
ventionally classified in three groups: (1) highly potent carbamates such as STX, neosaxi-
toxins, and gonyautoxins (GTX-1-GTX-4), (2) weakly toxic N-sulfocarbamoyl toxins
(B1, B2, C1-C4), and (3) decarbamoyl analogues of intermediate toxicities (see Chap. 10). In
addition to its potential lethality (PSP) has presently a significant economic impact on commer-
cial shellfish areas worldwide (28), including the United States and Canada (29), Europe (28),
and Chile (30).

lll. FUNCTION OF SODIUM CHANNELS

Ion channels are integral membrane proteins that allow the passage of a few physiologically
significant cations (Na*, K*, Ca?") and anions (CI") in and out of cells. Cell membranes are
highly impermeable to charged species and, in this sense, ion channels function as catalysts of
ion transfer through cell membranes (31). They do this by opening a water-lined pore which is
part of the ion channel molecule in response to specific stimuli, such as a change in transmem-
brane potential, the sudden elevation of agonist concentration in the extracellular milieu (neuro-
transmitters) or of internal second messengers (such as Ca**) or membrane stretch. The direction
of ion flow depends on the direction of the concentration gradient across the cell membrane
and on the size and sign of the transmembrane potential. The ion current through a single channel
(i) will depend on the number of ions per unit time that the open channel can transfer (its single
channel conductance, g) and the fraction of time that the channel spends in its open, conductive
state (Po. In general, for N channels, the total current can be expressed as:

I=NXP,Xi

Saxitoxin and its derivatives produce a decrease of the fractional open time (Py) of the
sodium channel, increasing the length and frequency of closed periods. This decrement depends
on the type of saxitoxin derivative and its concentration (1). For STX derivatives of low toxicity,
this decrement of the time the channel spends in the open state is lower than that caused by
the more toxic saxitoxins.
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A. Molecular Aspects

Sodium channels seemed to have appeared first phylogenetically in the jellyfish, allowing effi-
cient signal transmission among neurons distributed in separate ganglia. In invertebrates, sodium
channels are expressed mainly in neuronal cells, whereas they can be found in muscle cells in
chordates. Sodium channels display the highest densities of distribution in axons and muscles.
A mammalian heart muscle cell may express more than 10° sodium channels present in a mean
cell surface of approximately 50 wm? In contrast, unicellular organisms express principally
potassium and calcium channels (9).

Sodium channels are composed of several subunits held together by weak non-
covalent interactions (Figure 1). Structure-function studies indicate that most of the essen-
tial functions of the channel molecule such as ion permeation, selectivity, gating, and voltage
sensitivity reside in the o-subunit. The o-subunit has a modular architecture of four inter-
nally homologous domains (I-IV) (Figure 1) composed of six transmembrane segments,
each resembling a single o-subunit of a tetrameric voltage-dependent potassium channel.
The four domains are believed to fold together, delineating a central pore whose amino
acidic residues may determine the selectivity and conductance properties of the sodium
channel.

Several far-reaching findings have emerged from structure-function studies in recent years.
One of them is the observation that the amino acid sequences that link segments 5 and 6 in
each domain (called S5-S6 linkers or P segments), may form the pore itself (33) (Figure 2). It
is not clear yet how these particular residues interact with the ions in the bulk solution to allow
selective sodium flux over other cations by factors of 100:1 given the characteristically high
throughput rate of each channel (more than 107 ions per second).
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Figure 1 Schematic representation of the primary structure of the o-subunit of the sodium channel
depicted as transmembrane folding diagrams. Polypeptide chains linking different segments (1-6) and
domains (I-IV) are not drawn to scale. Cylinders represent putative a-helices. P segments are not equiva-
lent in each domain. Folding of this hypothetical structure into a pseudo-tetramer (cf. Figure 2) would
build an internal space lined in part by the P-loops. A subset of specific amino acids located deeper into
the channel outer vestibule would form the selectivity ring. The binding site for saxitoxins is partially
defined by a few crucial amino acids tentatively located in the extracellular loops linking segments I and
II in each domain.
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P segments

Selectivity filter

TOP VIEW

Figure2 Schematic top view representation of the assembled oi-subunit of the sodium channel to display
the proposed arrangement of P segments hanging over the extracellular channel vestibule. Dotted circle
indicates general location of the selectivity filter.

B. Molecular Basis of Toxin Interaction

The o-subunit contains the binding sites for several neurotoxins. These putative sites have been
defined in pharmacological competition studies and systematic amino acid mutagenesis. It is
intriguing that a large number of the most toxic marine toxins (saxitoxins, tetrodotoxins, bre-
vetoxins, and ciguatoxins) have as their sole molecular target the VDSC. However, most of the
understanding of sodium channel structure and function has been contributed from studies where
tetrodotoxin or saxitoxins were used (7—10,32). Purification of sodium channels and their recon-
stitution in artificial bilayer systems was possible by the use of these compounds that bind with
very high affinity to the o-subunit (23).

Previous studies from electrophysiological experiments (34,35) and from binding studies
using radiolabeled toxins (22,36,37) have indicated that STX and TTX bind to an acidic site
that also binds other metal and organic cations. STX and TTX mutually exclude from this site,
which is an observation that has led to the proposal that STX and TTX bind to the channel
molecule sharing a common mechanism.

Pharmacological studies have demonstrated that STX and TTX bind competitively to a
site located on the external surface of the channel, named toxin site 1 (5,32). This assertion was
based on several observations. Both toxins completely block current of the sensitive sodium
channel isoforms, competitively displace each other in binding assays, and share functional
groups crucial for binding; namely, one or two guanidinium groups and a diol group (24).
Molecular studies located this site in the polypeptides (initially called SS1-SS2 segments) that
were thought to link segments 1 and 2 in all four domains (32). This was supported after the
finding that mutations of the amino acids present in the outer pore vestibule had similar effects
on the affinities of both toxins (33,38,39). In 1988, Noda et al. (38) found that a single point
mutation of the a-subunit of the rat sodium channel could drastically reduce its sensitivity to
tetrodotoxin and saxitoxin by more than three orders of magnitude. The specific mutation that
replaced glutamic acid 387 with a glutamine had minimal effects on the sodium current.

The hypothesis of a shared binding for STX and TTX was also supported by experiments
that suggest that a single site in the domain I pore-forming region may be responsible for the
isoform differences in STX and TTX affinities (40—43). In fact, when applied externally to cells,
TTX (and STX) blocks sodium channels of neural and muscular origin with high potency. Only
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nanomolar concentrations of TTX are needed to block passage completely of sodium ions (so-
dium currents) through neuronal and skeletal muscle channel isoforms. However, two orders
of magnitude higher STX or TTX concentrations need to be added to cardiac sodium channel
isoforms to attain a comparable level of sodium current block. The lower affinity of the cardiac
isoform is thought to be caused by a cysteine for phenylalanine or tyrosine substitution in domain
I of the outer vestibule. This may give the cardiac sodium channel its known reduced sensitivity
for STX and TTX and its increased affinity to calcium and group llb metals (cadmium).

Several amino acids located in the external aspect of the pore region are essential to
maintain high-affinity binding. Terlau et al. (1991) (33) demonstrated that several mutations of
the SS1-SS2 segments of the rat brain type II sodium channel may alter binding affinities for
STX and TTX. In the rat skeletal muscle isoform, p1, the identity of one amino acid in the P
region of domain I (position 401 in the rat) accounts for the isoform-dependent TTX sensitivity.
An aromatic residue in position 401 confers high affinity, whereas lack of it renders the channel
TTX resistant (40,43). Other amino acid residues located in the outer aspect of the pore are
known to contribute to the high specific binding of TTX and saxitoxins. These results suggests
that the guanidinium-containing toxins bind to the external surface of the channel through an
extensive set of noncovalent interactions (33,42,44).

Only recently (1994) has the hypothesis of a shared binding mechanism of STX and TTX
been challenged by Kirsch et al. (45). In 1998, Penzotti et al. (46) compared the effects of
mutations in the (1l isoform—specific domain I Phe/Tyr/Cys location on toxin binding. They
have proposed a revised binding model that considers that both TTX and STX have similar
interactions with amino acid residues of the selectivity filter (P-loops) located in the outer vesti-
bule of the channel. However, TTX has a stronger interaction with Tyr401 and STX interacts
more strongly with more extracellular residues probably through the second guanidinium group
that is absent in TTX.

IV. BIOLOGICAL METHODS

We have included here as ‘‘biological methods’’ those assays where the endpoint is related to
the toxin-receptor interaction; that is, binding of the saxitoxin molecule(s) to site 1 in the o-
subunit of the VDSC. With these criteria, we discuss here bioassays (e.g., mouse or fly tests)
and in vitro assays for PSP, such as citotoxicity tests, cell receptor—based assays, and electro-
physiological assays. Chemical methods such as HPLC with fluorescence or mass spectrometry
(MS) detection are reviewed in Chapter 8.

A large effort has been directed to immunomethods to recognize saxitoxins in acid shellfish
extracts. However, limited cross reactivity of available antibodies to saxitoxin mixtures of vary-
ing composition and low predictability of human oral potency have precluded their use for
regulatory purposes and are not discussed here. (For detailed descriptions of these and other
methods, see ref. 47.)

A. General Considerations

Detection of saxitoxins is a challenge for analytical chemists. This is due to large differences in
the specific toxicity of STX derivatives (two orders of magnitude), the small total amounts present
in natural samples, the variability in composition and content of STX derivatives in samples, their
propensity to undergo biotransformation in the shellfish digestive glands and during sample extrac-
tion and preparation, and matrix interference. Analytical methods provide an instrumental response
proportional to the concentration of each derivative in a complex sample. This proportionality is
obtained running concurrent analyses with pure standards of known concentration.
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192 SUAREZ-ISLA AND VELEZ

In contrast, assays provide a single response proportional to the toxicity of a complex
toxic mixture. This toxicity is related to the average effect of a number of chemical derivatives
acting on the same functional site. The assay response (endpoint) may be a colorimetric or
fluorescence change, a displacement of a radiolabeled reference compound from its binding site,
or the impairment of a physiological response (cell growth or survival, ion current inactivation).
In the case of PSP toxins, the interaction with their receptor produces block of ion channel
function; that is, a decrement or complete blockade of ion flow. Thus, single Na channel current
is decreased or totally inhibited.

In analyses and assays, it is necessary to obtain a suitable response factor to convert an
instrumental signal (analyses) or a biological response (assays) into a useful toxicity value (1).
In the case of an analysis (such as HPLC), there will be individual response factors to convert
each response for each STX derivative into a concentration. The problem that still remains is
to convert this concentration into a toxicity value that is related to human oral potency. In this
case, a specific toxicity has to be obtained for each derivative. If this is accomplished, the
estimate of total toxicity of a complex PSP mixture will still rely on the assumption that the
final result is a linear combination of specific toxicities and molar percentages.

A strategy to overcome these problems has been to establish whether a statistically signifi-
cant correlation exists between toxicity values determined by different methods and the standard
accepted mouse bioassay. Few studies have obtained specific toxicities of pure saxitoxin and
its derivatives comparing two or more methods (see refs. 1 and 48). In 1990, Hall et al. (1) found
a general correspondence among relative potencies of STX and nine derivatives as determined by
mouse bioassay, displacement of radiolabeled saxitoxin, and single channel recording. The gen-
eral agreement between the biological mouse assay and other functional assay that report effects
at the molecular level suggests that intraperitoneal (i.p.) toxicity in mice is significantly deter-
mined by the relative potencies of saxitoxins. Other factors such as bioavailability and pharmaco-
dynamics of the toxins may have a minor role in determining final toxicity.

B. Mouse Bioassay

To protect human consumers from PSP, many countries have adopted shellfish monitoring pro-
grams. The principal regulatory method is the mouse mortality bioassay initially developed by
Sommer and Meyer in 1937 (49) that was later accepted in the United States (3) as an official
method to detect saxitoxins in acidic shellfish extracts. In recent years, the mouse bioassay has
been sanctioned by other countries that signed agreements with the United States concerning
the import/export of potentially toxic shellfish. Toxicity is expressed as microgram STX equiva-
lents (eq)/100 g shellfish tissue standardized against a reference STX solution, and harvesting
or consumption is not permitted in many countries when toxicity reaches or exceeds 80 g/
100 g. The mouse bioassay for PSP is a reliable indicator of human oral toxicity, but it is costly
and time consuming, especially when a large number of samples has to be analyzed. Its main
analytical limitations are its high variability (£20%), low sensitivity very near to the detection
limit (about 35 png/100 g) is too near to the accepted toxicity threshold (80 pg/100 g), and
interferences. The major limitation of the mouse bioassay, however, is of ethical and political
nature (i.e., the controversial use of live animals). The assay measures the time to death after
intraperitoneal injection of the toxic extract, a procedure that has received increasing ethical
criticisms and that cannot be carried out in some European countries (47).

C. Sources of Interferences in the Mouse Bioassay

A source of indetermination in biological assays is the low specificity of the response, a factor
that, in contrast, is well appreciated in regulatory work. However, a critical weakness of bioas-
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says is the certain possibility of interferences unrelated to the analytes being tested. This is very
significant in the case of the PSP mouse test, and several sources of interferences have been
reported.

High salts present in the acidic extracts can decrease apparent toxicity (47,50). In contrast,
high levels of zinc can produce deaths with neurological symptoms (51,52) that can be inter-
preted as being caused by PSP. These interferences can be explained in part if we consider
the results of early electrophysiological (34,35) and binding studies using radiolabeled toxins
(22,36,37) discussed in the previous paragraphs. Those results indicated that STX and TTX
could bind to an acidic site (toxin site 1) that was also the binding site for other metal and
organic cations. Indeed, high concentrations of divalent cations modify STX binding (22,34—
37,69) reducing its affinity; a fact that could help explain the loss of potency of acidic extracts
when high salts are present (47,50).

The effects of zinc can be tentatively explained by its direct competition with STX for a
restricted area of the binding site. Both cations block the Na channel and decrease or abolish
ion current. It has been established that not all Na channel isoforms display the same sensitivity
toward these metals. Mammalian heart Na® channels exhibit approximately 100-fold higher
affinity for block by external Zn** than other Na* channel subtypes. In this case, application
of external Zn* can relieve the block elicited by STX in a strictly competitive fashion suggesting
direct binding competition between Zn>* and STX at a single site with intrinsic equilibrium
dissociation constants of 30 nM for STX and 30 uM for Zn** (75).

Another important variable to consider is the difficulty in the mouse test to assure optimal
pH to generate an extract that displays maximal toxicity. It is known that complete hydrolysis
of N-sulfocarbamoyl saxitoxin derivatives (less potent analogues) is pH dependent and that the
AOAC recommended procedure does not result in extracts that display maximal potency (1).
In addition, binding of saxitoxins to the receptor site is also pH dependent (69). Thus, the
interferences of high salts, Zn, and pH might be explained by the specific modification of STX
binding to its receptor.

Simultaneous occurrence of diarrhetic shellfish poisoning (DSP) and PSP toxins has been
reported (52). In these cases, the mouse bioassay for diarrhetic toxins may give unusually short
death times with neurological symptoms especially when the lipophilic extract is not washed
(53). This can also be the case when low PSP toxin levels not detectable by the mouse bioassay
are present. The mouse test for DSP toxins uses the hepatopancreas where normally toxins are
more concentrated than in the rest of the shellfish tissues.

D. Alternatives to the Mouse Bioassay

The analytical shortcomings of the mouse bioassay as well as mounting public pressure to elimi-
nate or reduce live animal bioassays have stimulated the development of several alternative
methods to be used in shellfish monitoring programs. In the search of acceptable alternative
living organisms, bioassays that make use of houseflies, chick embryos, brine shrimp, and bacte-
ria have been proposed (54). The housefly assay is more sensitive than the mouse bioassay but
requires considerable operator skills to perform microinjections, whereas the other bioassays
do not have the appropriate sensitivity for regulatory work. More recently, a bioassay that em-
ploys the desert locust (Schistocerca gregaria) for the detection of saxitoxin and related com-
pounds in cyanobacteria and shellfish has been reported (55). Results suggest that this assay
may be useful for the routine screening of PSP toxins.

Extensive efforts have been done to design alternative in vitro methods that do not use
live organisms to be used in regulatory work. These include cell culture bioassays, immunoas-
says, receptor-based assays, and voltage-clamp methods that use isolated axons from squid and
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frogs or cultured cells. It would be reasonable to visualize the sodium channel as the natural
biosensor for PSP toxins to measure how the electrical current carried by sodium ions is impaired
by the blocking toxins. Although techniques that accurately measure sodium currents in several
biological preparations were developed in 1950 by Hodgkin and Huxley (57) (For voltage-clamp
and patch-clamp methods, see refs. 31 and 56.), and have been used extensively since then to
unravel the structural basis of sodium channel function, it is still an open problem how to reduce
into practice a simple design that uses measurement of sodium currents as the endpoint signal
that reports PSP effects. We describe here several approaches to this objective.

E. In Vitro Tissue Culture Bioassays

Cytotoxicity assays for PSP performed with cultured cells have been presented as potentially
promising tools to be applied in screening and/or monitoring programs. Recently, a large inter-
calibration effort has been undertaken to certificate a commercial version (MIST, Jellet Biotek
Ltd., Darmouth, Canada) (58,59). The principle of all later versions was developed by Kogure
et al. (1988) (60) to assay for toxins that blocked the sodium channel. This method used an
established neuroblastoma cell line (Neuro 2A) and measured cell morphology and survival
after exposure to veratridine, which in the presence of ouabain enhances sodium permeability
and concomitant water flow into the cells. Swelling of the cells and their eventual disruption
and death was inhibited by saxitoxins and tetrodotoxin. Cell counting and assessment of morpho-
logical changes was correlated with the amount of blocking toxins and later used to assay for
equivalent ‘‘cell-protection’” potency in shellfish extracts.

Ouabain blocks the Na/K ATPase and thus inhibits the ability of the cell to maintain
the physiological concentration difference for sodium and potassium that exists between the
intracellular and the extracellular compartments (56) (in mammals, internal [Na] approximately
12 mM; external [Na] approximately 120 mM; internal [K] approximately 100 mM; external
[K] approximately 5 mM). This leads to gradient dissipation, depolarization of the cell, Na and
water influx, and cell swelling. The latter process is enhanced by the application of veratridine,
an alkaloid that increases sodium permeability by shifting the inactivation curve of sodium
channels to more depolarized potentials. At the single channel level, veratridine is known to
cause persistent activation of Na* channels. Channels activated with veratridine open and close
on a time scale of 1-10 s. Increasing the veratridine concentration enhances the probability of
channel opening, primarily by increasing the rate constant of opening (60a).

In more recent versions, the endpoint is visualized with vital stainings that diffuse into
dead cells only (crystal violet [58,59] or neutral red [61]). At present, these versions are suitable
to be applied in research laboratories well equipped with aseptic tissue culture facilities. Repro-
ducibility of results critically depend on batch-standardized serum and high-quality veratridine
and ouabain. The MIST Cell Bioassay kits represent a significant step toward simplification and
provide preplated cells and reagents, but plates have a limited shelf life. The semiquantitative
kit version is relatively expensive and the quantitative version is very expensive. This simplified
system still demands limited aseptic conditions to deliver good results.

F. Receptor-Based Assays

Under equilibrium conditions, displacement of a radiolabeled parent compound from its binding
site provides a relative measure of the capacity of a pure compound or a group of analogues to
compete for the same receptor. Percentage of reduction in radiolabeled binding of the reference
compound is proportional to the concentration of unlabeled related species present in the sample.
For PSP toxins, displacement of radioactive STX from the common binding site on the channel
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(21,22,62,65) reflects the capacity of a STX mixture to share that site. Detection of saxitoxins
by this procedure reflects functional activity rather than recognition of a structural component,
as is the case with immunomethods. Several lines of evidence suggest that the binding of PSP
toxins present in different ratios and amounts elicits biotoxicity in mouse bioassays proportional
to the capacity of the toxic mixture to displace [*H]STX from its binding site.

Receptor-based assays have been essential to learn about toxin-binding kinetics and to
estimate sodium channel densities in excitable membranes. The first application to detect saxi-
toxins was done by Davio and Fontelo in 1984 (63) with samples of human samples. In 1993,
Vieytes et al. (64) used microtiter plates to detect STXs in shellfish extracts, and later efforts
by Doucette et al. (62,65) have simplified the technique and validated its use for a variety of
matrices. We have extensively applied a radioassay (66,73) to evaluate the toxicity of various
shellfish extracts in regulatory programs in Chile. As shown in Figure 3, the relationship between
STX displacement and in vivo toxicity showed a good correlation (R = 0.972; N = 41). This
assay was applied routinely to monitor low PSP levels in aquaculture sites in northern Chile
and has served as an early warning monitoring, as subtoxic variations of PSP toxicity can be
detected in advance. Nevertheless, displacement of a radiolabeled ligand does not directly assay
how saxitoxins impair Na channel function. These direct observations can only be accomplished
with electrophysiological methods that measure in real time the block of sodium currents by
saxitoxins and/or tetrodotoxins.

G. Electrophysiological Methods

The electrical excitability of cells in all chordates and many invertebrate species is based on
the voltage-dependent entry of Na* ions into cells (31,56). The entry of positively charged ions
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Figure 3 Correlation between PSP toxicity levels determined by mouse test and the STX receptor—
based radioassay. The displacement of [*H]STX by natural PSP extracts was performed with toxic samples
provided by the Health Service Magallanes (40—10000 pug STX/100g). A significant correlation (R =
0.972 for 41 samples) was found between the toxicity levels determined by mouse bioassay and radioassay.
The dotted lines indicate the safety limit of 80 pg STX/100 g.
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rapidly shifts the membrane potential from negative values (—70 to —90 mV) to positive values
(> +20 mV) within milliseconds. The delayed exit of K* ions brings back the membrane poten-
tial to resting values. This wave of depolarization/repolarization is called the action potential.
Blockade on Na* entry abolishes cell excitability and conduction of the nerve impulse. Studies
carried out with electrophysiological techniques constitute the main body of experimental evi-
dence that supports current knowledge on the properties of ion channels and ion currents through
them (11).

The properties of macroscopic sodium currents were elucidated first in the early 1950s
by Hodgkin and Huxley (57) with a procedure that allowed the recording of sodium currents
under conditions of controlled membrane voltage (the voltage-clamp method). Those studies pro-
vided the first evidence to understand how excitation regulates the entry of Na* ions. These investi-
gators provided far-reaching insights into the components and functions of excitable units of the
cell membrane that displayed voltage- and time-dependent conductances and that conducted so-
dium ions selectively and with independence of other ionic pathways. Since then a substantial
body of evidence and more than 600 papers have addressed the issue of the molecular basis of
channel toxin interaction. However, efforts to apply well-known techniques and knowledge on
sodium channels to develop a simple functional assay for PSP toxins, have not been successful.

A very promising approach was developed by Cheun et al. in 1998 (66a). These investiga-
tors developed a tissue biosensor for STX and TTX that consisted of a Na™ electrode covered
with a frog bladder membrane integrated within a flow cell. Active Na transport that takes place
from the internal to the external face was found to be TTX and STX sensitive. This procedure
allowed the detection of PSP toxins well below the detection limit of the mouse bioassay.

However, the development of a simple functional assay that uses the natural target mole-
cule, that is, the STX/TTX-sensitive sodium channel, has not been completed. Ideally, it would
be desirable to measure directly the biotoxicity of PSP extracts as a direct block of sodium
currents.

To this end we have developed a functional assay (73) that uses patch-clamp current
recordings (74) in HEK 293 cells stably expressing STX-sensitive rat skeletal muscle Na chan-
nels (1) (67). These cells display robust Na currents (Figure 4), and owing to their small size
(diameter 14 = 5 um), it is possible to avoid voltage-clamp inhomogeneities during experiments

Figure 4 A family of skeletal muscle sodium currents in HEK 293 cells obtained in response to voltage
pulses from —40 to +30 mV from a holding potential of —100 mV. The peak Iy, was elicited at —10
mV.
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that may last on average more than 60 min of useful recording time. Bath-applied STX blocks
peak sodium currents (Iy,) in a concentration- and time-dependent manner (68). As shown in
Figure 5a, after perfusing the cells with a solution containing STX, Iy, decreased with a time
constant that depended on the frequency of stimulation (68) and reached a new steady-state
level determined by the STX concentration. Figure 5b displays the concentration-dependent
decrease of Iy, amplitude in the presence of 0.3, 1.0, and 3.0 nM standard STX. Figure 5b shows
a full dose-response curve with an IC50 of 1.10 = 0.12 nM (n = 7).
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Figure 5 (a) Dose-response of bath-applied STX on sodium currents in HEK 293 cells. Each point
represents peak sodium. The concentration-dependent decrease of sodium current amplitude was measured
at 0.3, 1.0, and 3.0 nM standard STX after a steady-state level was reached. (b) Reference inhibition curve
for STX. The points represent the fractional inhibition of peak Iy, and correspond to the average of 5-14
experiments.
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We next used the electrophysiological assay to evaluate PSP toxicity in naturally contami-
nated samples. Figure 6a demonstrates the effect of application and washout of 1 nM STX after
stabilization of the electrical recording. Diluted PSP samples were then applied sequentially
interspersed with purified STX (1 nM). The regulatory level of 80 ug of STX equivalent per
100 g tissue is comparable to a solution of 1910 nM STX diacetate. Thus, it was necessary to
dilute toxic samples to approximately 1 nM final concentration to obtain an Iy, blockage near
50%. This dilution factor of three orders of magnitude eliminates variations in pH and/or high
concentrations of divalent cations, factors that are known to modify STX binding (22,34-37,69).
In addition, matrix effects that could interfere with the assay are minimized.

To compare toxicity evaluations by mouse bioassay and the electrophysiological assay,
a set of 26 samples of PSP extracts ranging from 35 to 800 ug STX eq/100 g was used. Figure
6b demonstrates a good correlation between the two assays (R = 0.958). The practical detection
limit was determined by addition of decreasing STX concentrations. Perfusion of 0.1 nM STX
produced a small but detectable current inhibition (not shown). Average values of peak Iy, before
and after STX were significantly different and the observed deflection was equivalent to a signal
to noise ratio > 5:1. Smaller inhibitions could still be detected, but 0.1 nM STX represents the
practical detection limit. This is equivalent to 0.042 pg STX/100 g or 19100 times below the
regulatory limit and 8550 times below the mouse test detection limit (based on STX diacetate).
This assay is three orders of magnitude more sensitive than the mouse bioassay, inexpensive,
and avoids the use of experimental animals and radioactive STX or STX analogues as internal
standards. These results are of immediate utility, and they also provide the basis for simplified
biosensors based on recombinant Na channels.
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Figure 6 (a) Electrophysiological measurement of PSP toxicity of extracts from contaminated shellfish.
Each point represents peak Iy, at —10 mV. The open bars represent bath application of standard STX;
other bars indicate application of toxic PSP extracts. Extracts were first tested at 1000-fold dilution and
then diluted to produce fractional inhibition of Iy, near 0.5. Dilution factors are shown in the figure. In this
example, five samples were tested within 50 min. (b) Correlation between PSP toxicity levels determined by
bioassay and the electrophysiological assay. Toxicity performed by the electrophysiological assay was
determined in dilutions of shellfish extracts (range 1:800—1:8000). A significant correlation (R = 0.958
for 26 samples) was found between the toxicity levels determined by mouse bioassay and the electrophysio-
logical assay. The dotted lines indicate the safety limit of 80pug STX eq/100 g.
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V. CONCLUSIONS: THE NEED FOR ALTERNATIVE AND
COMPLEMENTARY BIOLOGICAL ASSAYS

Fatal PSP intoxications represent the most serious threat of marine origin worldwide (28) with
notable public health and economic impacts in Asia, Europe, North America, and South
America. As a consequence, most seafood-exporting countries have established mandatory PSP
toxin screening programs. The standard biological method used worldwide to monitor levels of
STX and other marine toxins in seafood is the semiquantitative mouse mortality bioassay (3).
This procedure is reliable for regulatory purposes, but is costly and time consuming, especially
when a large number of samples has to be analyzed. Its major limitation, however, is the contro-
versial use of live animals. The assay measures the time to death (“‘to the last gasp’’) (3) after
intraperitoneal injection of seafood extract, a procedure that has received such ethical scrutiny
that it can no longer be carried out in some European countries (47).

Analytical HPLC methods require oxidation of STX analogues for fluorescent detection
(48,70) and the availability of scarce sets of analogues as internal standards. Acidic extracts
from naturally contaminated PSP shellfish samples may contain over 20 different analogues of
STX in variable proportions (70,71). Analytical methods provide the molar composition of toxic
extracts, a quantity that has to be transformed into intraperitoneal toxicity values. This calcula-
tion still relies on scales of relative toxicities obtained by mouse bioassay carried out with pure
STX analogues (48). Recently, the routine application of radioassays has been further hampered
by strict restrictions concerning the international transfer of STX and radiolabeled derivatives
owing to biological warfare conventions (72).

It is hoped that the large body of evidence on sodium channel properties based on structure-
function studies should make it feasible for the development of a biosensor for saxitoxins and
other toxins directed to the sodium channel that is based on their specific molecular target, the
sodium channel protein.
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Paralytic Shellfish Poisoning (PSP):
Toxicology and Kinetics

Néstor W. Lagos and Dario Andrinolo
University of Chile
Santiago, Chile

. INTRODUCTION

Paralytic shellfish poisoning (PSP) has been recognized for centuries as a clinical entity, and
the prevention of human intoxication due to the ingestion of toxic shellfish has been a problem
of mutual interest to public health and fishery authorities all over the world for the last 60 years
(1-4). From the standpoint of the reported number of deaths each year, PSP cannot be classified
as a major public health problem. Nevertheless, it is of considerable concern, because a fatal
dose of the poison for humans, which may be obtained from a single serving of highly toxic
shellfish, is only around a milligram, and there is no known antidote. Widespread distribution
of poisonous shellfish products would present a hazard to every shellfish consumer, because the
PSP toxins are very stable.

A. PSP Toxins

PSP is a mixture of 26 different toxins (5,6) that have a skeleton denominated by 3,4,6-trialquil
tetrahidropurine (7-9).

According to the net charge that these compounds, at pH 7, they can be classified in three
groups: (1) saxitoxins (STXs) with a net charge of +2, (2) gonyaulatoxins (GTXs) group with net
charge of +1, and (3) N-sulfocarbamoyl-1I-hydroxysulfate toxins (C) with a net charge of 0.

STX was the first PSP toxin isolated and also the most studied one. The structure of STX
was established by x-ray analysis of crystalline derivatives carried out by Schantz (7). The two
guanidinic groups that STX possesses in positions 2 and 8 are responsible for its positive net
charge. Titulation of this molecule reveals two protonic dissociations at pKa 8.22 and 11.28.
In concordant with these data, the toxicity of STX is relatively constant between pH 6.5 and
8.2, and it diminishes markedly to higher pH (1,10).

STX is a neurotoxin that blocks the sodium voltage-gated channel of excitable cells
(3,10,12-18). All PSP toxins act by reversibly binding to a receptor on the voltage-gated sodium
channel, blocking neuronal transmission. These toxins act only from the exterior surface of the
channel, since its binding site is located on the outer opening of the sodium channel (13,19).
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Table 1 Clinical Symptoms Caused by PSP

Low intoxication Moderate intoxication High intoxication
Nausea and vomiting Respiratory insufficiency Pupils dilated and unreactive
Muscular weakness Jaw and facial muscles paralyzed Deep dystonia

Lips paresthesia Gag reflex absent Respiratory paralysis

Upper extremity paresthesia Tongue immobile Hypotension

Cardiac arrest

B. Paralytic Shellfish Poisoning

Accidental PSP in humans is primarily caused by the ingestion of PSP toxin—contaminated
mollusks. Symptoms associated with mild to moderate levels of intoxication consist of a state
of generalized malaise, facial paresthesia, asthenia, dystonia, ataxia, dyspnea, hypotension,
tachycardia, vomiting, disphagia, headache, and gastrointestinal disturbance. In the case of seri-
ous intoxication, respiratory arrest and/or cardiovascular shock also occur (Table 1). Nerve
conduction studies in patients reveal marked prolongation of distal motor and distal and sensory
latencies, a less dramatic but significant decrease in conduction velocities, and moderately dimin-
ished motor and sensory amplitudes. All parameters become normal within 72 h, paralleling
the patients’ recovery (3,20).

Il. PHARMACOLOGY AND TOXICOLOGY

Although STX’s mechanism of action is well established at the molecular level, very little is
known about its distribution in the total body, where and how these toxins are absorbed, how
these toxins are excreted by mammalians that eat shellfish contaminated with PSP toxins, or if
these toxins can go through the blood-brain barrier.

There are several reasons why the research on the pharmacokinetics and toxic effects of
PSP toxins has been hindered. In the first place, the only available PSP toxin was STX; therefore,
the most of the investigations have been done using only STX. In spite of the fact that no other
PSP toxins have been studied, it is possible that all PSP toxins have similar pharmacokinetic
behavior because of their similar chemical structure and molecular action.

On the other hand, the research on the pharmacokinetics of PSP toxins has been compli-
cated because of the relative low sensitivity and nonspecificity of the methods used to detect
STX in biological fluids and tissues.

The effects caused by intoxication with PSP can be reproduced by means of the administra-
tion of STX to laboratory animals (12,21-23,25,26). These effects consist of cardiovascular
alterations and breathing problems, as have been reported in clinical cases.

A. Cardiovascular Effects

STXs are among the most potent hypotensive agents known. In anesthetized cats and dogs, as
little as 2-3 pg/kg injected intravenously produces a fall in arterial pressure to about 50% from
the normal level (21,23,25). At these doses, STX does not affect the heart significantly, and
during the hypotensive event, a pressor effect can be elicited by intravenous injection of «-
adrenergic drugs. The last two observations suggest that, although the vascular smooth muscle
is not affected by these toxins, the neurally controlled vasomotor tone is reduced. Since STX
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Toxicology and Kinetics of PSP 205

is an extremely potent axonal blocking agent, it may block sympathetic nerves peripherally and
lead to a loss of vasomotor tone. Another possibility is that STX has some specific depressant
actions on the medullary vasomotor center.

When intravenous doses of STX are smaller than 1 nug/kg, STX has a hypertensive effect,
as a compensatory response to the vasodilatory action of STX. This response disappears com-
pletely when doses higher than 1.5 pg/kg are administrated (12,21).

With an intravenous dose of 2.7 ng/kg of STX, the mean arterial pressure falls in the
first 10 min to about 50% of the control and recovers to a normal level after 50 min (Figure
la). Because STX causes a peripheral vasodilatation by blocking vasomotor nerves, inhibiting
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Figure 1 Effects of STX on cardiovascular performance. Arterial pressure (% of control) of cats intoxi-
cated with low doses (2.7 pg STX/kg) (triangle) (A) and high doses (10 ug STX/kg) (filled square)
(B). Means of results from four cats were graphed. Bars indicate SEM.
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the conduction of impulses in nerve fibers, it is possible to have a pressor effect after the adminis-
tration of dopamine (25).

The shock generated by the administration of high doses of STX (10 ug/kg) is a result
of a combination of the vascular hypotensive effect of STX on the vascular net and the decrease
of the cardiac output, which is produced as a final consequence of the lack of venous return
and hypoxemia. Therefore, cardiovascular shock takes place (12,21,22,25). It is possible to over-
come these effects in highly intoxicated cats using the adrenergic agonist dobutamine. This can
be administrated intravenously as an initial bolus of 500 g immediately after STX and followed
by constant intravenous infusion of 2.5 pg/min/kg (25). Using this therapeutic method, cats
can recover the mean arterial pressure to a steady state of 75% of the control mean arterial
pressure (Figure 1b). The severe arrhythmia is controlled and the sinusoidal rhythms return in
less than 30 min (Figure 2). Although the regulation of the arterial pressure could be made by
means of the dopamine administration owing to its pressor effect on the vasculature. Dobutamine
administration and infusion of physiological serum allowed better and more stable recovery of
intoxicated cats (25).

Approximately one third of the guinea pigs used in studies of STX cardiorespiratory effects
died of myocardial failure prior to apnea. Similar to the cat electrocardiogram (EKG) shown
in Figure 2, guinea pigs also developed ventricular tachycardia and other anomalies such as
right/left bundle block, t-wave inversion, and atrioventricular (AV) dissociation. Moreover, with
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Figure 2 Sequences of an electrocardiogram corresponding to an animal intoxicated with a high dose
of STX. (A) Electrocardiogram control taken before toxin administration, which shows rhythm of 136
beats/min. (B) Five minutes after administration of the toxin. These beats have a ventricular origin.
(C) Electrocardiogram taken for 30 min. Normalization of the EKG is observed: P waves (sinusal node)
and T waves of ventricular repolarization reappear and the QRS complex (ventricular contraction) is normal
and is preceded by a P wave. Although a slight falling of the pulse is appreciated, it is within the normal
values.
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adose of 10 pug of STX/kg, cats and guinea pigs died within a few minutes owing to cardiovascu-
lar shock. Ventilatory insufficiency was not the cause of death, because cats were initially anes-
thetized and coupled to mechanical ventilatory support (25).

With STX doses ranging from 3 to 10 pug/kg administrated intravenously, is common
the findings of arrhythmia, showing that the pacemaker and/or the conduction system of the
myocardium also appeared to show a high degree of sensitivity to STX (Figure 3).

The fall in the heart rate (bradycardia) observed in the sequences shown in Figure 3A
(control) and 3B (in the presence of STX) can be explained by blockade of conduction in sympa-
thetic fibers carrying impulses to the pacemaker region and not to a direct effect on cells of the
sinoatrial node, as occurs with tetrodotoxin (TTX) administration in cats (27). The 2:1 AV
conduction ratio shown in Figure 3D shows cases a normal sinusoidal beats alternate with ven-
tricular beats, this means that a second-degree AV block occurs. This arrhythmia can be followed
by ventricular pulses and the regular R-R tracing suggests the development of complete AV
block. In this condition, it is also possible to observe an inverted QRS complex displaying an
intraventricular conduction defect. The term intraventricular conduction defect is frequently
used when the QRS complex is abnormal, but within normal limits of duration, like the one
shown in Figure 3B.

EKG contrel 115 Beat/min sinusoidal rythm
1 ﬁ [
I j 3 i
A A L—MWU&JWMM
5 ugfkg of STX 88 Beaymin sinusoidal rythm
B W ’
QRS inverted
7 nglkg
C
7 ngikg 2:1 AY Block
0 __A_J\_JJ\J\__JLI\__AJ\_J\_..L/\
Ventricular puises Recovery of sinusoidal rythm

y Jlbumwult%{

Figure 3 Arrhythmias found in cats intoxicated with doses between 3 and 7 ug of STX/kg. (A) EKG
control with a normal sinusoidal rhythm. (B) Bradycardia developed after administration of 5 ug/kg.
(C) EKG shows an inverted QRS complex. (D) 2:1 AV block. (E) EKG displaying the recovery of a
normal sinusoidal rhythm from a total AV dissociation as is suggested by the occurrence of regular ventric-
ular pulses.
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B. Respiratory Effects of STX

Progressive failure of respiratory function has always been recognized as the most life-threaten-
ing element of PSP intoxication (3,20,26).

In studies with cats, it was found that intravenous STX doses of 3.3 pg/kg caused motor
paralysis of respiration (26). This failure is shown by the loss of activity in the diaphragmatic
electromyogram (EMG) and makes artificial respiration necessary. Rhythmic phrenic discharges
persisted at a slower rate than the control. STX administrated intravenously at a low dose (3
ug/kg) does not affect the regular cardiac beat. The diaphragm blockade clearly represents a
direct peripheral effect of STX.

When high doses of STX are administrated intravenously, in addition to a variety of pe-
ripheral cardiorespiratory effects, STX also appears to have a profound influence on the central
respiratory rhythmogenic network (22,26). The mechanism by which the rate and rhythm of
central discharge can be modified by peripheral paralytic chemical action is not known. Hence,
the inescapable conclusion is that the slowing of phrenic respiratory discharge frequency could
be due to the direct effects of STX on the central nervous system.

In fact, in 1993, Chang et al. (22) found that STX intravenously induces a prolongation
in the Botzinger discharge duration. The Botzinger neurons interact synaptically with all known
medullary and bulbospinal respiratory areas related to neural substrates. It is possible that STX
can produce site-specific alterations at the Botzinger complex (BOT). STX effects may produce
a significant increase in the amount of inhibitory amino acids (gamma-aminobutyric acid
[GABA] and glycine) and diminish the release of excitatory amino acids such as glutamate.
Physiologically, BOT neurons have been shown to exert an inhibitory influence over inspiratory
neurons of the dorsal respiratory group, the ventral respiratory group, and the phrenic motor
nucleus. Functionally, in view of its inhibitory influence on bulbospinal inspiratory neurons,
the time-dependent BOT discharge could impose an increasing delay in inspiratory activation
and reduce the respiratory frequency and ventilatory efficiency.

C. Central Cardiorespiratory Effects of STX

Minute amounts of STX introduced directly into the cerebrospinal fluid (CSF) surrounding the
brainstem produce the following sequences of events in the respiration: slowing, apneustic activ-
ity, loss of spontaneous function, and finally a depression of responsiveness to electrical stimula-
tion of the respiratory center (23). Likewise, STX administrated directly into the CSF produces
dissociation of respiratory control components, since it causes slowing of the breathing fre-
quency which is under central control independently of the changes in the peripheral controlled
inspiratory volume.

The significant amount of STX found in total brain (1.81 ng/g of wet tissue) and medulla
oblongata (2.50 ng/g of wet tissue) by Andrinolo et al. (25) showed that STX is capable of
penetrating the blood-brain barrier when high levels of STX in the intravascular system are
reached, as was the case of cats intoxicated with 10 pg of STX/kg (25). These findings support
the data published on the central cardiorespiratory effects of STX when applied topically in
the lateral cerebral ventricle and brainstem (23,28), by intravenous infusion (12,26), and by
intraperitoneal administration (22). Our data reinforced the notion that, at high doses of toxin,
the STX-induced lethality involves both central and peripheral cardiorespiratory system compo-
nents. We agree with the suggestion of Evans et al. that the blood-brain barrier permeability
can be drastically altered by such cardiovascular burdens and hypercapnia (29) and in this way
allows STX to gain access to the central neuronal environment. Moreover, in 1993, Chang et
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al. found that uncompensated acidosis (hypercapnia), which results in a persistent decrease in
the blood pH, occurs after intravenous administration of STX in guinea pigs.

Ill. PHARMACODYNAMIA OF STX
A. Elimination of STX

Clinicians have observed that patients intoxicated with PSP toxins who survive for 24 h have
an excellent chance for a rapid and full recovery (3,20). Such observations suggest that these
toxins undergo rapid excretion and/or are metabolized.

The presence of PSP toxin in the urine has been shown using the mouse bioassay for
more than 50 years. The first evidence of this was shown by studies using dogs as the experimen-
tal model (1). In agreement with these studies, more recently the presence of PSP toxins has
been detected in urine samples of patients intoxicated by consumption of PSP toxin—contami-
nated shellfish (20,30).

Nevertheless, studies to address this issue using live animal as the experimental model
have been complicated by the lack of a reproducible method with sufficient sensitivity to detect
picogram quantities of toxin and the high amount of toxin necessary to perform these experi-
ments.

In 1993, Hines et al. (31) used a tritiated reduced form of STX, dihydrosaxitoxin or saxi-
toxinol ([H*]STXOL), to study toxin metabolism and elimination in mammals. Saxitoxinol re-
tains most of STX’s structural features, but it has less than one hundredth of the STX activity
on excitable membranes (8). When [H*]STXOL is administrated into the rat dorsal penile vein,
60% of the injected radioactivity was excreted in the urine after 4 h and postinjection radioactiv-
ity was not detectable in feces (31).

In 1995, Stafford and Hines (24) for the first time quantified the amount of STX in urine
samples. They reported that approximately 19% of the STX injected intravenously in rats was
excreted during the first 4 h.

Using cats as the experimental animal model, Andrinolo et al. (25) showed STX as being
the only PSP toxin excreted by urine during the 4 h of the experiment. Under doses of 2.7 ug
of STX/kg, the cats excreted 25% of the total toxin injected. On the other hand, at higher doses
such as 10 pug of STX/kg, during the same period of time, only 10% of the total STX injected
was excreted (Figure 4).

B. Renal Clearance

The rate of urinary excretion of a substance divided by its plasma concentration is a measure
of the minimal volume of plasma required to supply the amount of the substance excreted in
the urine in a given period of time.

Inuline is a substance that gains access to the urine only by glomerular filtration and is
neither reabsorbed nor secreted by renal tubules. Thus, inuline clearance is used as a reference
to compare with the clearance of any substance, because its clearance is equal to the rate of
glomerular filtration.

With doses of 10 pug of STX/kg, the measured STX renal clearance in cats was 0.81 mL/
min X kg~!. This value corresponds to 25% of the reported inuline renal clearance in cats (3.24
mL/min X kg™') (32). Instead, when lower doses (2.7 pg of STX/kg) were used, the STX renal
clearance calculated was 3.99 mL/min X kg~'. This value correlated very well with inuline
clearance.
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Figure 4 Percentage of STX excreted by urine during the first 200 min after intravenous toxin adminis-
tration shows the toxic effect of the drugs on renal efficiency. With doses of 2.7 nug of STX/kg (low doses),
the cats excreted 25% of the total toxin injected. With doses of 10 pug of STX/kg, only 10% of the total
STX injected was excreted.

These data suggest that, in cats with normal cardiovascular parameters and diuresis, the
STX excretion mainly involves glomerular filtration. The changes in the renal clearance of the
toxin at high doses can be explained owing to cardiovascular complications and the initial hypo-
volemic shock produced by one bolus intravenous injection of STX. Therefore, the difference
obtained between low and high intoxication doses used may be explained by STX’s toxic effects.
Besides, one of the most important effects of STX intoxication in vivo is vascular hypotension,
so the glomerular filtration rate should be reduced. It is important to remember that there is no
reported evidence of STX renal tubular reabsorption or secretion.

C. Distribution

To study STX distribution in body compartments, Andrinolo et al. (25) used male cats anesthe-
tized and mechanically ventilated to prevent respiratory failure. The cats were intoxicated with
a single-dose intravenous injection of 10 pug of STX/kg. The heart rate, arterial pressure, and
central venous pressure were continuously monitored to ascertain the physiological status
throughout the course of the experiment.

Andrinolo et al. collected blood samples every 10 min from the cannulated femoral vein
and then the samples were analyzed by high-performance liquid chromatography (HPLC) to
measure the amount of STX. The first sample was collected 5 min after the dose was adminis-
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tered, which showed the highest STX level (43.27 = 0.7 ng/mL; N = 4) followed by an exponen-
tial decline to 3.57 ng/mL after 80 min (25).

Because the disappearance of STX of the serum occur in an exponential form, the general
equation that represents the variation of the quantity of toxin in the organism after a unique
dose in the intravascular space; it is given for

C=Cy-e™ (1)

where C, = initial concentration of toxin, K = first order elimination constant, expressed in
this case in min~!, and t = time lapsed from the administration of the toxin.

The initial concentration reached was 47 ng/mL. This concentration in blood is sufficient
to kill cats in a few minutes by respiratory arrest and cardiovascular shock. When cats were
intoxicated with doses of 2.7 ug/mL, the C, calculated was 12 pg/mL. This concentration was
sufficient to cause respiratory arrest, but no significant cardiovascular problems were detected.

The toxin disappeared from the intravascular compartment with an elimination constant,
K = 0.032 min~!, showing an elimination half-life of 21.65 min (25).

To understand the distribution of the toxin in the body, it was necessary to calculate
the volume of apparent distribution (VAD). The VAD is the relationship between the serum
concentration of the drug and the quantity of drug in the body. Drugs that bind to plasmatic
proteins with high affinity present a smaller VAD than real distribution volume. On the other
hand, drugs that bind to extravascular binding sites located in tissues show higher values of
distribution volume.

In accordance with the one-compartment model, the VAD of STX can be calculated ac-
cording to Eq. 2.

VAD = Quantity of toxin in the body

2

Toxin concentration in the serum

At initial times, the VAD for STX is 212 mL/kg, which is characteristic of acidic drugs
like sulfonamides, penicillin, and salicylic that are widely distributed in the intravascular vol-
ume. This result means that STX is instantaneously distributed in the intravascular compartment.
After 10 min, the VAD reaches a level of 600 mL/kg, showing a completed distribution of STX
in the extravascular fluids. Finally, after 50 min, the VAD reaches higher values, showing that
the STX was sequestrated by binding to receptors located on cell membranes in different tissues
(Figure 5).

The one-compartment model of STX distribution is shown in Figure 6. According to the
experimental data, STX goes into the intravascular and extravascular compartments, binds to
membrane tissues, and is only excreted by glomerular filtration from the intravascular space.
This model shows that distribution of STX in the mammalian body is extremely expeditious,
being able to exchange easily from one compartment to another.

The one-compartment model implies free distribution between the vascular and extravas-
cular spaces. With one specific binding site of high affinity, which should be the voltage-gated
sodium channel, it is widely distributed in different tissues associated with the extravascular
space.

Only free STX in the intravascular compartment is accessible to be filtered in renal glomer-
ulus to be excreted. Therefore, STX and its analogues’ (PSP toxins) distribution and excretion
should be limited by their affinity to the binding sites, the voltage-gated Na* channels in the
muscle and nervous tissues. According to this, less toxic PSP components, the ones that have
less affinity for the sodium channel (33), should be more as free toxin, so they should be elimi-
nated faster than the more toxic ones like STX, neoSTX, and GTX-1/4 epimers.
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Figure 5 STX volume of distribution. The relationship between the serum concentration of the drug
and the quantity of drug in the body suggesting a very fast distribution in the vascular and extravascular
spaces when the toxin is administrated into the vascular space followed by the STX bound to an extravascu-
lar binding site (mean = SEM, N = 4).

Vascular space

Extravascular space

e o
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Figure 6 Model of STX distribution in the mammalian body. This is a one-compartment pharmacokinet-
ics model in that the drug is distributed between two physiological spaces. This model has one possible
binding site in the extravascular space. Only free STX in the vascular space is available to be excreted

by the renal system.
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The STX distribution into the extravascular fluid explains the presence of STX in different
tissues such as spleen, liver, brain, and medulla oblongata. Even then, the highest STX concen-
tration was found in spleen and liver (blood-rich tissues). Significant concentrations of STX
also were found in total brain and medulla oblongata samples (25).

IV. METABOLIZATION OF STX BY MAMMALIANS

The first evidence that STX and the other PSP toxins were eliminated without loss of their
toxic effects and probably not metabolized was obtained from the pioneer experiments done by
Sommers et al. (34). More recently, Hines et al., using [H?*]STXOL injected into rats, revealed
only one radioactive peak in the HPLC analysis of urine samples, suggesting that the
[H*]STXOL excreted was not metabolized by rats (31).

Andrinolo et al. (25), using a postcolumn derivatization HPLC method (35) to quantify
the mass amount of STX and its analogues together with a cleansing procedure with a cartridge
column and microcentrifuge filters, which allowed measurements as low as 1 pmol of STX in
body fluids and tissues samples, were able to quantify and identify all components of PSP toxins.

In their study (25), besides STX, no other PSP toxin product of possible metabolic or
chemical change was detected in any of the samples analyzed within the 4 h of the experiment.
Moreover, incubation of STX for 24 h at 25°C in the presence of cat liver 100,000 X g superna-
tant did not show any chemical or enzymatic transformation, since 100% of the STX used in
the incubation was recovered (25).

The data only showed STX and not other analogs in urine, blood, liver, spleen, bile,
medulla oblongata, and brain, suggesting that mammals do not display the metabolic mecha-
nisms necessary to transform STX.

Recently, Gessner et al. (30) reported differences between toxin composition in mussels
and human serum samples of intoxicated persons on Kodiak Island, Alaska, during 1994. These
cases need more investigation to be explained satisfactorily, because the difference in toxin
profiles could be due to the compartmentalization of the PSP toxins by binding with different
affinity to their receptor location and that in the tissue membranes. Also, the clean-up and extrac-
tion procedure of the samples before being analyzed would explain the change in composition.

V. SUMMARY

The data suggest that, in cats with normal cardiovascular parameters and diuresis, the STX
excretion mainly involves glomerular filtration. The changes in the renal clearance of the toxin
at high doses can be explained as being due to cardiovascular complications and the initial
hypovolemic shock produced by one bolus intravenous injection of STX. Therefore, the differ-
ence obtained between low and high intoxication doses used may be explained by STX toxic
effects. There is no reported evidence of STX renal tubular reabsorption or secretion.

The significant amount of STX found in total brain and medulla oblongata showed that
STX is capable of passing through the blood-brain barrier when high levels of STX intoxication
are reached. These findings support the data published on the central cardiorespiratory effects
of STX when applied topically in the lateral cerebral ventricle and brainstem throughout intrave-
nous infusions. These data enforced the notion that, at high doses of toxin, the STX-induced
lethality involves both central and peripheral cardiorespiratory system components. STX distri-
bution includes the intravascular and extravascular compartments and it also binds to membrane
tissues. The excretion of STX is only by glomerular filtration from the intravascular space. STX
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distribution in mammalians is extremely expeditious, being able to exchange easily from one
compartment to another.

No evidence of chemical or enzymatic transformation in mammals has been reported,

suggesting that mammals do not display the metabolic mechanisms described for microalgae,
bacteria, cianobacteria, and mollusks.

ACKNOWLEDGMENTS

Supported by Instituto de Ciencias Biomédicas Fellowship, Facultad de Medicina, Universidad
de Chile; FONDECYT 1961122 and Fundacion ANDES.

REFERENCES

1. EF McFarren, ML Schafer, JE Campbell, KH Lewis, ET Jensen, EJ Schantz. Public health signifi-
cance of paralytic shellfish poison. Adv Food Res 10:135-179, 1960.

2. JM Hughes, MA Horwitz, MH Merson, WH Barker, EJ Gangarosa. Foodborne disease outbreaks
of chemical etiology in the United States, 1970—-1974. Am J Epidemiol 105:233-244, 1977.

3. RRLong, JC Sargent, K Hammer. Paralytic shellfish poisoning: a case report and serial electrophysio-
logic observations. Neurology 40:1310-1311, 1990.

4. GM Hallegraeff. A review of harmful algal blooms and their apparent global increase. Phycologia
32:79-99, 1993.

5. Y Oshima. Chemical and enzimatic transformation of paralytical shellfish toxins in marine organism.
In: Harmful Marine Algal Blooms. Paris: Lavoisier, Intercept, 1995, pp 475-480.

6. H Onodera, M Satake, Y Oshima, T Yasumoto, WW Carmichael. Detection of PSP toxins and six
saxitoxin analog in the fresh water filamentous cianobacterium Lingbya wallei. Nat Toxins 5:146—
151, 1997.

7. EJ Schantz, VE Ghazarossian, HK Schones, FM Strong. The structure of saxitoxin. J Am Chem Soc
97:1238-1239, 1975.

8. Y Shimizu, H Chien-ping, A Genenah. Structure of saxitoxin in solution and stereochemistry of
dyhidrosaxitoxins. J Am Chem Soc 103:605-609, 1981.

9. T Yasumoto, M Murata. Marine toxins. Chem Rev 93:1897-1909, 1993.

10. G Strichartz. Structural determinants of the affinity of saxitoxin sodium channel. J Gen Physiol 84:
281-305, 1984.

11. SL Hu, CY Kao. Interactions of neosaxitoxin with the sodium channel of the frog skeletal muscle
fiber. J Gen Physiol 97:561-578, 1991.

12. CY Kao, T Suzuki, AL Kleinahus, MJ Siegman. Vasomotor and respiratory depressant actions of
tetrodotoxin and saxitoxin. Arch Int Pharmacodyn 165:438-450, 1967.

13. R Henderson, JM Ritchie, GR Strichartz. The binding of labeled saxitoxin to the sodium channel
in nerve membrane. J Physiol 235:783-804, 1973.

14. WA Catterall, CS Morrow, RP Hartshorne. Neurotoxin binding to receptor sites associated with
voltage sensitive sodium channel in intact, lysed, and detergent solubilized brain membranes. J Bil
Chem 254:11379-11387, 1979.

15. E Moczydlowski, S Hall, SS Garber, GS Strichartz, C Miller. Voltage-dependent blockade of muscle
Na* channels by guanidinium toxins: effect of toxin charge. J Gen Physiol 84:687-704, 1984.

16. E Moczydlowski, A Uehara, S Hall. Blocking pharmacology of batrachotoxin-activated Na-channels
from rat skeletal muscle. In: Ion Channel Reconstitution, C Miller, ed. New York: Plenum Press,
1986, pp 75-114.

17. X Guo, A Uehara, A Ravindran, SH Bryant, S Hall, E Moczydlowski. Kinetic basis for insensitivity

to tetrodotoxin and saxitoxin in sodium channels of canine heart and denervated rat skeletal muscle.
Biochemistry 26:7546-7556, 1987.

MaRcEL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

U



18.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Toxicology and Kinetics of PSP 215

S Hall, G Strichartz, E Moczydlowski, A Ravindran, PB Reichardt. The saxitoxins. Sources, chemis-
try, and pharmacology. In: Marine Toxins. Origin, Structure and Molecular Pharmacology, S Hall,
G Strichartz, eds. American Chemical Society Symposium Series 418. Washington, DC, 1990, pp
29-65.

CY Kao, SR Levinson. Tetrodotoxin, saxitoxin and the molecular biology of the sodium channel.
Ann NY Acad Sci 479:1986.

D Montebruno. Intoxicacion por consumo de mariscos contaminados con veneno paralizante en la
XII region, Chile. Estudio anatomopatoldgico. Rev Med Chile 121:94-97, 1993.

J Nagasawa, MY Spiegelstein, CY Kao. Cardiovascular actions of saxitoxin. J Pharm Exp Ther 176:
103-120, 1971.

FT Chang, BJ Benton, RA Lenz, R Benedict, BR Capacio. Central and periferal cardiorespiratory
effects of saxitoxin (STX) in urethane-anesthetized guinea-pigs. Toxicon 31:645-664, 1993.

HL Borison, LE McCarthy. Respiratory and circulatory effects of saxitoxin in the cerebrospinal fluid.
Br J Pharmacol 61:679-689, 1977.

RG Stafford, HB Hines. Urinary elimination of saxitoxin after intravenous injection. Toxicon 33:
1501-1510, 1995.

D Andrinolo, LF Michea, N Lagos. Toxic effects, pharmacokinetics and clearance of saxitoxin, a
component of paralytic shellfish poison (PSP), in cats. Toxicon 37:447-464, 1999.

HL Borison, W] Culp, SF Gonsalves, LE McCarthy. Central respiratory and circulatory depression
caused by intravascular saxitoxin. Br J Pharmacol 68:301-309, 1980.

MB Feinstein, BS Marve Paimre. Mechanism of cardiovascular action of tetrodotoxin in the cat.
Circ Res 23:553-565, 1968.

PJ Jaggard, MH Evans. Administration of tetrodotoxin and saxitoxin into the lateral cerebral ventricle
of the rabbit. Neuropharmacology 14:345-349, 1975.

CAN Evans, JM Reynolds, ML Reynolds, NR Saunders. The effect of hypercapnia on blood-brain
barrier mechanism in foetal and new born sheep. J Physiol 255:701-714, 1976.

BD Gessner, P Bell, GJ Doucette, E Moczydlowski, MA Poli, FV Dolah, S Hall. Hypertension and
identification of toxin in human urine and serum following a cluster of mussel-associated paralytic
shellfish poisoning outbreaks. Toxicon 35:711-722, 1997.

HB Hines, SM Naseem, RW Wannemacher Jr. *H-saxitoxinol metabolism and elimination in the
rat. Toxicon 31:905-908, 1993.

MJ Fettman, TA Allen, WL Wilke, MC Radin, MC Eubank. Single injection method for evaluation
of renal function with “C-inulin and *H-tetraethilamonium bromide in dogs and cats. Am Vet Res
46:482-485, 1985.

GR Strichartz, S Hall, B Magnani, CY Hong, Y Kishi, JA Debin. The potencies of synthetic analogues
of saxitoxin and the absolute stereoselectivity of decarbamoilsaxitoxin. Toxicon 33:723-737, 1995.
EF McFarren, ML Schafer, JE Campbell, KH Lewis, ET Jensen, EJ Schantz. Public health signifi-
cance of paralytic shellfish poison. Adv Food Res 10:135-179, 1960.

Y Oshima. Postcolumn derivatization liquid chromatographic method for paralytic shellfish toxins.
J AOAC Int 78:528-532, 1995.

MaRcEL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

U



11

Detection Methods for Okadaic
Acid and Analogues
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. INTRODUCTION

The diarrhetic shellfish poisoning (DSP) toxins belong to three different structural classes: (1)
okadaic acid (OA) and its analogues, (2) pectenotoxins, and (3) yessotoxins. Major toxic inci-
dents resulting from the ingestion of shellfish in which the predominant human symptom was
diarrhea occurred in Japan in 1976 when 42 people suffered food poisoning after eating mussels
from the Sanriku coast. Similar incidents occurred in the Tohoku District in 1977 but with a
larger number of intoxications (1) from the ingestion of clams, scallops, and mussels. As no
pathogenic microorganisms were found in leftover foods, it was presumed that an unknown
toxin was responsible. In Europe, the first report of similar toxic incidents from the ingestion
of mussels occurred in the Netherlands, although no toxin was identified (2). The main toxic
symptoms were diarrhea (92%), nausea (80%), vomiting (79%), and abdominal pain (53%) and
the syndrome was termed diarrhetic shellfish poisoning (DSP). Symptoms occurred between 30
mins to a few hours after shellfish consumption and lasted for a maximum of 3 days. The
dinoflagellate Dinophysis fortii was abundant in the marine shellfish cultivation areas in Japan
around the time of toxicity, and this was subsequently confirmed to be the toxin-producing
organism. The toxin responsible was isolated and identified as 35-methylokadaic acid (3,4) and
was named dinophysistoxin-1 (DTX-1).

The acidic group of DSP toxins comprises mainly OA and its isomers, DTX-1 and the
7-O-acyl derivatives of these compounds, collectively termed DTX-3 (Figure 1). The isolation
and structural elucidation of the polyether acid, OA, from the sponge Halicondria okadaii had
previously been achieved by Tachibana et al. in 1981 (5), and DTX-2 was first isolated from
Irish mussels in 1992 (6). DTX-3 analogues have not been detected in phytoplankton, suggesting
that they are produced in the hepatopancreas of the shellfish (7). The OA analogues exert their
acute toxic effects through their inhibition of protein phosphatases, PP1 and PP2A (8). However,
the discovery that they are also potent tumor promoters (9) will significantly influence the accept-
able limits for these toxins in seafood.

Various methods have been developed to detect DSP toxins in shellfish. Live animal bioas-
says were the first methods to be developed for the detection of DSP toxins, but problems due
to the lack of sensitivity, false positives, lack of method validation, and the prohibition of such
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Figure 1  Structures of the DSP toxins, okadaic acid and analogues.

okadaic acid (OA) R,=CH;, R,=H R;=H
dinophysistoxin-1 (DTX-1) R, = CH; R, =CH; R;=H
dinophysistoxin-2 (DTX-2) R; = H R,=CH; R;=H
dinophysistoxin-3 (DTX-3) R,, R, = H or CH; R; = acyl

testing in many countries owing to ethical considerations has led to an examination of a variety
of alternative biochemical and chemical methods.

Il. BIOASSAYS (ANIMAL)
A. Adult Mouse Bioassay

The mouse bioassay for the detection of DSP was developed by Yasumoto following outbreaks
of DSP in Japan in 1976 and 1977. The acute toxicity of DSP toxins in mice led to a routine
assay of DSP toxins in shellfish (1). Digestive glands were homogenized three times with acetone
and the combined extracts were evaporated. The residue was made up to 2 mL with 1% Tween
60 solution and 0.5-1.0 mL aliquots of this solution, or serially diluted solutions, were given
intraperitoneally to female mice (15-20 g). Initially, 1 mouse unit (MU) was defined as the
minimum dose of toxin required to kill a mouse within 48 h. However, this mouse bioassay is
compromised by a lack of specificity owing to the coextraction of other substances, especially
free fatty acids which may give false positives (10—12). Low levels of other shellfish toxins,
especially paralytic shellfish poisoning (PSP) toxins, can also lead to problems. The DSP bioas-
say protocol concentrates the PSP toxins yielding an extract that is highly toxic to mice even
when the level of these toxins present may not produce a positive response in the official PSP
bioassay (13). The high temperatures employed to remove water can also lead to low toxin
recoveries (14). Another practical problem is that the final mixture is difficult to suspend to a
fixed volume as it is an aqueous mixture with lipids.

To overcome the problems of PSP interferences, the above procedure has been modified
by the inclusion of a diethyl ether extraction of the aqueous residue after acetone evaporation.
The combined ether extracts were back washed twice with water to remove PSP contaminants
and salts (15). Dichloromethane has been suggested as an alternative, because all the DSP toxins,
including pectenotoxins and yessotoxins, will be extracted, but if a petroleum ether wash is not
used, free fatty acids may still interfere (16). The mouse unit has been redefined by the regulatory
agency in Japan as the amount of toxin required to kill two of three mice (20 g) in 24 h. One
mouse unit corresponds to 4 ng OA, 3.2 ug DTX-1, and 5 pug of DTX-3 (17).

A modified mouse bioassay protocol has been employed in France. If all three mice survive
for more than 5 h, the shellfish are considered safe for human consumption. However, as a
precautionary measure, the mice are kept under observation for at least 24 h (18). A variation
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of this procedure introduced a redissolution of the residue from the extraction of shellfish tissue
using 80% methanol. This is followed by an extraction with hexane to remove lipids (19). This
procedure successfully reduces fatty acid levels but DTX-3 compounds are also probably re-
moved (16) and interferences from PSP toxins and salts remain using this procedure.

A modified procedure was used in Norway (20) in which the residue from the acetone
extraction was dissolved in water and extracted with petroleum ether followed by chloroform.
Evaporation of the chloroform phase gave a dry residue which was then dissolved in 1% Tween
60 and injected intraperitoneally into white female mice. Two mice were used for each test and
their behavior and survival times were recorded for 24 h. Toxicity was given a relative number
of 0—4 according to survival times. The toxic limit corresponded to 5 MU or 20 ug OA/100 g
shellfish meat, but losses of low-polarity DSP toxins (DTX-3) can occur in the petroleum ether
washing step.

B. Suckling Mouse Bioassay

Hamano et al. reported a suckling mouse bioassay that provided a direct measure of diarrhetic
effects. The method involves the introduction of 0.1 mL of shellfish extract in 1% Tween 60
via a Teflon tubing to 4- to 5-day-old mice. After 4 h, the mice are sacrificed and their whole
intestines are removed. The fluid accumulation ratio is calculated as the ratio of intestine to that
of the remaining body. Fluid accumulation was observed for OA, DTX-1, and DTX-3. A fluid
accumulation ratio of 0.09 corresponds to a value of 0.1 MU and free fatty acids, which give
false positives in intraperitoneal mouse bioassays, do not interfere with this assay (21). This
assay also has a lower threshold limit and is more easily related to human symptomology.
However, the test is difficult to use routinely and wounding of the mice is common on adminis-
tration of the sample. Also, pectenotoxins and yessotoxins are not detected by this method (18).

C. Rat Intestinal Ligated Loop Bioassay

Edebo et al. determined OA and DTX-1 from toxic mussels in ligated loops of rats. The closed
loop of an anesthetized rat was injected with homogenized mussel tissue suspended in phos-
phate-buffered saline. After 2 h, the loop was dissected out, weighed (a), and its length measured
(L,). Also, for reference, a more distal piece of intestine was similarly weighed (b) and its length
measured (L,). The secretion (mg/cm) was determined as a function of the calculation, a/L, —
b/Ly. The detection limit of the test corresponded to 0.05 g OA and a linear range of 0.5-5.0
g OA was reported. This assay was reported to be a sensitive and quantitative method for the
determination of OA and DTX-1 (22).

D. Rat Fecal Bioassay

A nonlethal DSP bioassay using rats was developed in the Netherlands (23). In the published
protocol, the meat of 10 mussels is mixed with normal ground rat food (6 g) and offered to a
rat (100—120 g) that has been starved for 24 h. After 16 h, the consistency of feces and/or food
refusal are noted and an estimate of DSP toxicity is made on these data. This test probably does
not detect pectenotoxins or yessotoxins. Despite the fact that mussel meat weights can vary
considerably, this assay has been used by regulatory agencies in several European countries for
many years. The dose level was changed to 10 g hepatopancreas, but the lack of a consistent
relationship between this assay and DSP toxin levels led to the abandonment of this test in
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Ireland. This assay remains as the official method in some European countries where the lethal
mouse bioassays for DSP are prohibited.

E. Daphnia magna Bioassay

OA is toxic to Daphnia magno, a species of freshwater cladoceran invertebrate (24). A bioassay
was developed to determine OA concentrations in mussel extracts and a linear correlation (r =
0.74) with the 9-anthryldiazomethane (ADAM) fluorimetric high-performance liquid chroma-
tograpy (HPLC) method was observed. The assay is potentially more precise than the mouse
bioassay, since a large number of animals can be used and it is 10 times more sensitive than
the mouse bioassay. Daphnia magna is also sensitive to other toxicants, and it has been proposed
as a replacement for the mouse bioassay in the screening of shellfish contaminated by DSP or
coextracted toxins (25).

lll. CYTOTOXICITY ASSAYS

The cytotoxic effect of OA has been recognized since its isolation by Tachibana et al. (5). It
was noticed that when rat hepatocytes were exposed to toxic shellfish extracts, a rapid leakage
of lactate dehydrogenase occurred, whereas nontoxic extracts had no disintegrating effects on
the cell membranes (26,27). A DSP toxicity test has been reported based on the morphological
changes of rat hepatocytes when exposed to toxins. All three classes of DSP compounds can
be determined, as they each produce different changes in cell morphology. However, the analysis
is time consuming and results are confusing when mixtures of toxins are involved (28).

Amzil et al. have developed a rapid cytotoxicity assay for the detection of the OA group
of toxins. The method evaluates the minimal active concentration (MAC) of shellfish extracts
by the microscopic observation of morphological changes produced in human KB cells exposed
to toxin. A high correlation (r = —0.90) was found between Log (MAC) of the tested shellfish
extracts and the OA concentrations measured by the ADAM LC-FLD method. At low doses,
some of the cells treated with OA showed epithelial features, whereas the remaining cells exhib-
ited round features induced by the toxin. High doses of toxin resulted in all of the cells becoming
round. The MAC of mussel extract is measured by the incubation of 50 uL of serially diluted
mussel extracts with 50 UL of a 200,000 KB cells/mL suspension and the detection limit for
OA was 0.125 pg (29).

A colorimetric method for quantifying the cytotoxic effect of OA on KB cells has also
been developed. The method is based on the ability of metabolically active cells to reduce a
tetrazolium compound during a contact period of 24 h. It was demonstrated that this assay could
detect OA concentrations as low as 50 ng/g hepatopancreas and that there was also a good
correlation (r = 0.964) between this assay and the DSP-Check ELISA (enzyme-linked immuno-
sorbent assay) method (30). More recently, Pouchus et al. showed that the cytotoxic effect of
OA and DTX-2 on KB cells were similar with MAC values, 155 nM and 115 nM, respectively,
but DTX-1 was more active giving an MAC value of 19 nM (31).

OA also showed toxicity to buffalo-green-monkey kidney (BGM) cell cultures. This
method is also based on the direct microscopic observation of toxin-induced morphological
changes in cell cultures and showed good correlation (r = 0.95) with the mouse bioassay (32).

The uptake of a dye by mammalian fibroblasts in culture has been exploited in a nonspe-
cific assay for the determination of maitotoxin and OA. More specific responses were also ob-
tained by morphological examination. Cells exposed to OA characteristically presented a two-
step morphological change in that they first became square and subsequently round. Following
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incubation with toxic extracts, cells were examined both for morphological changes and for
neutral red uptake by measuring the absorbance at 540 nm. Concentrations of maitotoxin and
OA in shellfish extracts were determined from dose-response curves (33).

IV. PROTEIN PHOSPHATASE ASSAYS

Protein kinases catalyze the addition of phosphate to intracellular proteins and protein phospha-
tases catalyze the dephosphorylation of phosphoproteins, thereby reversing the actions of protein
kinases. Protein phosphatase-1 (PP1) and PP2A, PP2B, and PP2C are responsible for the dephos-
phorylation of serine and threonine residues in the cytoplasmic and nuclear compartments of
eukaryotic cells. Both PP1 and PP2A are potently inhibited by OA, with PP2A exhibiting a
higher sensitivity. The acute diarrhetic effects of OA and analogues are probably caused by the
stimulation of the phosphorylation of the proteins that control sodium secretion by intestinal
cells (34). The tumor-promoting effects of OA and its derivatives are now known to be caused by
protein phosphatase inhibition (35,36). A number of PP assays with detection using radioactivity
(37,38), colorimetry (39,40), bioluminescence (41), and fluorescence (42) have been developed.

A. PP Radioassay

Using a *P-labeled substrate, the protein phosphatase activity can be determined by measuring
the release of inorganic *2P. The reaction is stopped by the addition of trichloroacetic acid, which
inactivates the phosphatase and precipitates any unused substrate. The acid fraction containing
inorganic **P phosphate is counted using liquid scintillation to calculate the protein phosphatase
activity (43).

Holmes reported the analysis of OA and DTX-1 in toxic shellfish by a liquid chromatogra-
phy-linked protein phosphatase assay (44). The toxins were resolved by liquid chromatography
and then assayed by inhibition of both PP1 and PP2A catalytic subunits in a P phosphorylase-
a. Using this method, a protein phosphatase inhibitor, in addition to OA and DTX-1, was detected
in Canadian shellfish (44). Subsequent studies revealed the presence of at least six phosphatase
inhibitors, distinct from known DSP toxins, in mussels from Holland and Canada. This method
proved to be a sensitive bioscreen for the detection of novel PP-inhibitory compounds in shellfish
(37). This approach was also used with capillary electrophoresis (CE), which improved the
ultraviolet (UV) detection of OA in purified shellfish extracts (45).

B. PP Colorimetric Assay

PP2A shows a particularly high level of activity toward the substrate p-nitrophenyl phosphate
(p-NPP) (46). Simon et al. exploited this to develop a colorimetric phosphatase—inhibition assay
in which the ability of PP2A to dephosphorylate p-NPP to a colored product, p-nitrophenol,
was used to determine OA concentrations (40). The OA detection limit was 0.4 pmol and the
method was reported to be accurate, rapid, and readily performed. Good correlation data were
obtained between this assay and the DSP-Check ELISA (r = 0.933) as well as the MTT cytotox-
icity assay (r = 0.968). This assay was reported to be 50—100 times more sensitive than the
MTT cytotoxicity and ELISA methods. A modification of this assay has been reported and,
when carried out using a 96-well microplate, a large sample throughput is possible (39).
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C. PP Bioluminescent Assay

Isobe et al used firefly luciferin phosphate as a substrate successfully to determine the activities
of known inhibitors of PP2A, including OA. The luciferin phosphate is hydrolyzed to free lucif-
erin by the action of the protein phosphatase. Luciferin in then immobilized onto a column
where it reacts in the presence of ATP and Mg?" to form oxyluciferin. During this process,
light is emitted and detected by a luminescence detector. This method requires only 10 uM of
substrate, which means that the sensitivity approaches that of the **P radioassay (41).

D. PP Fluorescent Assay

Fluorescent microplate PP assays have also been developed for the analysis of OA in shellfish
and phytoplankton extracts. 4-Methylumbelliferyl phosphate (MUP) and fluorescein phosphate
were examined as substrates for protein phosphatases and the products were quantified using
fluorescence. A 100-fold increase in sensitivity was observed in the fluorescent assay using
MUP when compared with p-NPP in the colorimetric assay (42). In the published protocol, this
fluorescent assay had a detection limit of 13 ng of OA/g hepatopancreas and has the potential
of providing a rapid and sensitive tool for shellfish monitoring. Shimizu et al have also reported
MUP as being a suitable substrate for PP1 and PP2A assays, and they also found that ELF-97
was an excellent substrate for PP1 producing a high fluorescent yield (47).

V. IMMUNOSORBENT METHODS

Hokama et al. developed a monoclonal antibody during research into the development of antici-
guatoxin antibodies and a stick test was produced for the detection of ciguatoxin and related
polyethers (48). A monoclonal antibody was tested against OA, a fragment of OA and cigua-
toxin. A modification of this stick test has led to the marketing of a test kit for the screening
of ciguatera and DSP toxins called Ciguatech test kit. The presence of toxins is determined by
the binding of toxins to a membrane attached to a plastic strip and exposing the toxin-laden
membrane to an antibody—colored latex bead complex that has a high specificity for the toxins
of interest. It was reported that 1 ng of OA could be detected on the test strip and 50 pg OA/
g fish flesh could be determined after using a rapid extraction procedure (49). A recent study
demonstrated the utility of this test kit in seafood safety monitoring programs by detecting the
presence of OA and related DSP toxins in mussels during dinoflagellate blooms and depuration
operations in France (50).

Levine et al. reported the production of antibodies and the development of a radioimmuno-
assay for OA. This toxin was found to be responsible for the stimulation of aracidonic acid
metabolism in rabbits. Therefore, OA was conjugated to bovine serum albumin and used to
immunize rabbits. The rabbits responded by producing anti-OA antibodies which neutralized
the OA stimulation of arachidonic acid metabolism. Inhibition of the [*H] okadaic acid binding
to anti-OA by unlabeled OA occurred at concentrations as low as 0.2 ng/mL. A linear relation-
ship was obtained between %inhibition and log (OA) in the range 0.2-9.0 ng/mL. Maitotoxin,
brevetoxin B, and other marine toxins did not inhibit binding, but no data were presented for
the cross reactivity with other DSP toxins (51).

Usagawa et al. prepared three monoclonal anti-OA antibodies from hybridoma clones
obtained by the fusion of mouse myeloma cells with immune spleen cells sensitized to okadaic
acid—ovalbumin conjugate. An ELISA was also developed and is now marketed as a kit under
the name DSP-Check (Sceti, Tokyo). A constant quantity of OA conjugated to bovine serum
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albumin is precoated onto the wells. The test solution and horseradish-peroxidase—labeled mono-
clonal antibody is added simultaneously to the well. This enzyme-linked monoclonal antibody
competively reacts with the fixed antigen and the free antigen from the sample. The quantity
of enzyme proportional to that of fixed antibody is determined by enzyme activity which is
measured colorimetrically, and DSP toxin content in the sample is inversely related to ab-
sorbance. Many samples can be rapidly analyzed using this assay, which is sensitive to OA at
concentrations as low as 10 ng/mL. The antibodies show a cross reactivity of approximately
70% to DTX-1 but do not react to 7-O-acyl derivatives (DTX-3), pectenotoxins, or yessotoxins
(52,53). The cross reactivity to the OA isomer, DTX-2, was approximately 40% (54). The DTX-
3 group of toxins can be determined by alkaline hydrolysis prior to ELISA. The fact that OA
is used in the well coating in this assay makes this kit somewhat expensive. Shestowsky et al
have developed an alternative immunoassay in which two mouse monoclonal antibodies to OA
were used. One of these antibodies is an anti-OA monoclonal antibody (mAb) called 6/50 (idio-
type Id) and the other is an anti-anti-OA mAb called 1/59 (anti-Id). The 1/59 anti-Id mAb is
an internal image of OA and can be substituted for the okadaic coating on the solid phase. 1/
59 competes with free OA analyte for binding to a limited amount of anti-OA mAbs in a liquid
phase. The bound 6/50 mAb is then quantified by an enzyme-conjugated antimouse antibody.
The assay permits a reliable measurement of OA in the 9-81 ng/mL range and is marketed as
a test kit by Rougier Bio-tech, Montreal (55). DTX-3, calyculin A, and brevetoxin-1 are not
detected by this ELISA kit and, as DTX-2 and DTX-1 have a 10- to 20-fold lower affinity than
OA, the general application of this kit is limited (56). The OA derivatives, 1-methyl ester, diol
ester, and OA alcohol, have an activity similar to OA itself (57), suggesting that the 6/50 anti-
body recognizes the portion of OA that is most distant from the carboxyl acid group (56).

A specific and sensitive ELISA using immobilized mouse monoclonal antibodies to OA
that are resistant to organic solvents has been developed. One antibody which binds only OA
in 10% aqueous methanol was used to detect OA selectively. Another antibody which equally
binds OA, DTX-1, and 7-O-palmitoyl DTX-1 in methanol was used to determine total DSP
toxin content (58). In addition, an antibody which binds more strongly to 7-O-palmitoyl DTX-
1 and 7-O-palmitoyl OA than to OA and DTX-1 in 50% aqueous methanol has been developed
to detect DTX-3 (59).

An ELISA method with electrochemical detection has been used to determine OA. The
method involves a competitive heterogeneous immunoassay and the hydrolysis of phenyl phos-
phate to phenol which is monitored by the electrochemical oxidation of the latter (60).

VI. LIQUID CHROMATOGRAPHY WITH FLUORESCENCE DETECTION

Sensitive and specific detection methods are needed to identify and determine trace amounts of
toxins in complex matrices. Precolumn derivatization of acidic DSP toxins using various fluo-
rescent-labeling reagents and their analysis using reversed phase HPLC with fluorescence detec-
tion (LC-FLD) has been employed for the determination of individual toxins. The fluorescent
reagents that have been used for the analysis of acidic DSP toxins are shown in Figure 2 and
the derivatization reaction conditions are summarized in Table 1.

A. 9-Anthryldiazomethane

The first fluorimetric HPLC method for the analysis of OA class of DSP toxins was reported
in 1987 (11). The hepatopancreas of shellfish were homogenized with 80% methanol, the extract
was washed with petroleum ether, and then extracted with chloroform. An aliquot of the chloro-
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Figure 2 Structures of fluorimetric derivatizing reagents for the HPLC determination of okadaic acid
and analogues; (a) 9-anthryldiazomethane (ADAM), (b) 1-bromoacetylpyrene (BAP), (c) 1-pyrenyldiazo-
methane (PDAM), (d) 9-chloromethylanthracene (CA), () 4-bromomethyl-7-methoxycoumarin (BrMmC),
(f) 4-bromomethyl-7,8-benzcoumarin (BrBMC), (g) 4-bromomethyl-6,7-dimethoxy-coumarin (BrDMC),
(h) 4-bromomethyl-7-acetoxycoumarin (BrMAC), (i) 4-diazomethyl-7-methoxy-coumarin (DAMMCO), (j)
2,3-(anthracenedicarboximido)ethyl trifluoromethanesulphonate (AE-OTf), (k) N-(9-acridinyl)-bromoace-
tamide (NABA), (1) luminarine-3 (LN3).

form extract was dried under nitrogen and derivatized with 0.1% w/v 9-anthryldiazomethane
(see Figure 2a). Following a clean-up using a silica solid phase extraction (SPE) cartridge, the
esters of the toxins were analyzed using an octadecylsilane (ODS) column with a mobile phase
of acetonitrile: methanol: water (8:1:1) with fluorimetric detection: A, = 365 nm, A, = 412
nm (11).

There have been many attempts to improve the robustness of the 9-anthryldiazomethane
(ADAM) method and changes have been proposed to the extraction, the derivatization reaction
step, and especially the SPE clean-up. The ADAM reagent is a very sensitive derivatizing reagent
but is notoriously unstable, which can lead to incomplete derivatization of the target analytes
and the appearance of artefact peaks in chromatograms due to degradation products (61). For
best results, the ADAM reagent should be stored at —70°C and maintained in complete darkness.
Immediately before use, solutions may be prepared by dissolving a small quantity of ADAM
in acetone (50 uL) and made up to the desired concentration using methanol (62). A modification
of the ADAM protocol has been proposed by Draisci et al. which uses an exhaustive extraction
of the shellfish homogenate (63). The various SPE methods proposed for ADAM are summarized
in Table 1, whereas the reaction conditions are summarized in Table 2. Using a number of
changes to the ADAM protocol, Stabell reported improved reproducibility when ultrasonic treat-
ment of the samples was performed during derivatization (64). This treatment probably increased
access to reactive sites on toxins owing to the disruption of micelles formed by toxins and other
hydrophobic compounds. Changes to the SPE clean-up by using a smaller cartridge and different
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eluent compositions were reported to improve the resulting chromatograms. Deoxycholic acid
(DCA) was also used as an internal standard (64). However, the structure of DCA is very differ-
ent from that of DSP toxins, and this can give rise to a positive bias if quantitative derivatization
is not achieved for all analytes and DCA. Other attempts to improve the ADAM protocol,
particularly the extraction and SPE steps, have been reported by Periera et al. (65) and by
Stockemer et al. (66).

Quilliam reported a detailed examination of the ADAM method and proposed a number
of modifications (67). More reliable derivatization was reported by increasing the ADAM con-
centration and doubling the reaction time to 2 h. The sensitivity of the procedure was improved
by using A, = 254 nm instead of 365 nm with apparently little diminution in selectivity. Also,
7-O-acetylokadaic (AcOA) was used as an internal standard, as its relative retention time was
constant for different columns and temperatures. AcOA proved to be a more effective internal
standard than DCA and led to a more accurate and precise method by correcting for incomplete
recoveries, particularly in the extraction, derivatization, and SPE cleanup steps (67). However,
AcOA is prohibitively expensive, as it must be synthesized from OA, and it has not been widely

DCa

AcOA DTX1
DTX2 N

Fluorescence

u e

—r T T T T T T T T T T T T T T T T T T T T

0 5 10 15 20 25
Time (minutes)

Figure 3 Fluorimetric HPLC analysis of ADAM derivatized samples; (a) calibration mixture, 1 (OA),
2 (DTX-2), 3 (DTX-1), 4 (AcOA, internal standard), (b) extract from certified mussel material reference
material, MUS-2 (11 mg/g OA, 0.9 mg/g DTX-1). Conditions: Lichrospher-100 (5 pum, 250 X 4 mm)
ODS column at 40°C; elution using acetonitrile/water (80:20); flow rate = 1 ml/min; fluorescence detec-
tion: Ay = 254 nm, A, = 412 nm. (From ref. 90.)
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adopted. Figure 3 shows the chromatogram from the analysis of a mixture of OA, DTX-1, and
DTX-2 with the internal standards, AcOA and DCA. A critical factor is the amount of ethanol
stabilizer in chloroform used in the SPE steps. The optimum ethanol content of chloroform was
found to be 1.15%. Thus, it was suggested that the ethanol and impurities, such as chloroform
decomposition products, should be removed using an activated alumina column and then the
ethanol content adjusted to the required concentration (67). However, this may more conve-
niently be achieved by using chloroform stabilized with amylene and then adjusting the chloro-
form to the optimum ethanol concentration (62). Recently, Syhre et al. proposed activated carbon
as a replacement for silica for the SPE clean-up of ADAM derivatized DSP toxins, which
avoided the use of halogenated solvents (68).

Aase et al. optimized the ADAM protocol by the use of an experimental design (69). The
design took into account the concentration of ADAM used, the derivatization time and tempera-
ture, the amount of silica in the SPE tubes, the amount of washing solvent, the concentration
of ethanol in the washing solvents, the speed of washing, and eluting solvent. Based on this
design, it was suggested that derivatization should be carried out using 0.1% w/v ADAM, a
100-mg silica SPE tube, and dichloromethane instead of chloroform to minimize the effect of
stabilizing alcohol. Lucas et al. described an automated HPLC method for determining DSP
toxins using a column-switching device to avoid the clean-up procedures after derivatization of
shellfish extracts with ADAM. However, the operation of this column-switching method is com-
plex and there is a reduced sample throughput (70,71).

The generation of ADAM in situ has been studied in order to overcome the problems
associated with reagent stability. ADAM was prepared prior to analysis by the reaction of 9-
anthraldehyde hydrazone with quinuclidine and N-chlorosuccinimide in ethyl acetate (72). The
quantitative results were generally in agreement with those obtained using the commercial re-
agent. However, a peak near to OA occasionally appeared in the chromatogram of the test
solution which was probably due to an artefact formed in the derivatization reaction. Quilliam
et al. have investigated this artefact peak using liquid chromatography—mass spectrometry (LC-
MS) and it was found to be AcOA. The possible source of the acetyl moiety was ascribed to
the reaction solvent, ethyl acetate. This is potentially a critical problem, especially if AcOA is
used as an internal standard, but replacing ethyl acetate with tetrahydofuran eliminated this
problem (73).

B. 1-Bromoacetylpyrene

Dickey et al. developed a method of derivatizing DSP toxins with 1-bromoacetylpyrene (BAP)
(see Figure 2b). The extraction and clean-up procedures were similar to those used with ADAM.
The derivatization was carried out on a shellfish extract that was reacted with BAP using di-
isopropylethylamine catalyst at 75°C. The HPLC analysis was performed on an ODS column
with fluorescence detection; A, = 365 nm and A., = 418 nm. BAP proved to be more stable
in both the solid and solution states than ADAM or PDAM (74). Kelly et al compared the
sensitivities of ADAM and BAP and the latter was found to be four times less sensitive than
ADAM. However, chromatograms obtained using BAP showed less artefact peaks than with
ADAM and this proved useful in the determination of the purity of DSP toxins isolated from
shellfish (62). More recently, the simultaneous separation of ADAM and BAP derivatives
of DSP toxins was achieved using a column designed to resolve polyaromatic hydrocarbons
(Figure 4), and this was one of the methods that was used recently to confirm the presence of
DTX-2 in Dinophysis acuta (75). An improved BAP procedure has also been reported for the
determination of OA and DTX-2 in mussels that required a short reaction time (2 min) and used
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Figure 4 Fluorimetric HPLC of OA and DTX-2, separately derivatized using ADAM and BAP and
mixed prior to injection. (1) ADAM-OA, (2) BAP-OA, (3) ADAM-DTX-2, (4) BAP-DTX-2. Conditions:
Envirosep-PP ODS column (5 pm, 250 X 3.2 mm); linear gradient of acetonitrile/water (54—71% acetoni-
trile, 61.5 min); flow rate = 1.5 ml/min; fluorescence detection: A,, = 365nm, A., = 412 nm. (From
ref. 75.)

solvent combinations with dichloromethane instead of chloroform in the silica SPE clean-up
steps (76).

C. 1-Pyrenyldiazomethane

1-Pyrenyldiazomethane (PDAM) (see Figure 2c) has previously been used as a dervatization
reagent for fatty acids and prostaglandins (77). PDAM is more stable than ADAM but elevated
reaction temperatures (~75°C) are required to produce pyrenylmethyl esters with shellfish ex-
tracts. The SPE clean-up and chromatographic conditions were similar to those used in the
ADAM protocol except that fluorescence detection requires A, = 340 nm and A, = 394 nm. A
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similar procedure has been used for the determination of OA in Prorocentrum sp. (78). However,
possible decomposition of labile DSP compounds under the higher temperatures required in the
PDAM reaction may present a problem (79).

D. 9-Chloromethylanthracene

9-chloromethylanthracene (CA) (see Figure 2d) was used as a derivatizing reagent for the analy-
sis of OA in mussels from Italy. The residue from a shellfish extract was treated with CA and
tetramethylammonium hydroxide for 30 min at 75°C. After SPE, the derivatives were separated
on a Cg column using gradient elution. The procedure was less sensitive than the ADAM method
but was sufficient to determine toxins in amounts below the regulatory limits and was also useful
for the determination of free fatty acids (80). A modified procedure using CA was recently
reported by Lawrence et al. for the determination of OA and DTX-1 in shellfish. The derivatiza-
tion reaction was carried out for 1 h at 90°C. Clean-up was achieved using two silica SPE
cartridges before LC analysis using an ODS column and isocratic elution using acetonitrile:
water (75:25) mobile phase with fluorimetric detection; A., = 365 nm and A.,, = 412 nm. This
method was reported to give a similar sensitivity to the ADAM protocol (81).

E. Bromomethylcoumarin Derivatives

A number of bromomethylcoumarin derivatives have also been investigated as fluorimetric deri-
vatizing reagents. 4-Bromomethyl-7-methoxycoumarin (BrMmC) (see Figure 2e) was used as
a reagent for the derivatization of OA analogues (82). This method differed from the ADAM
protocol in that a silica SPE clean-up was used on extracts from shellfish or phytoplankton
before derivatization. Derivatization was carried out using BrMmC in the presence 18-crown-
6-ether and potassium carbonate and the reaction was maintained at 55°C for 2 h. An aliquot
was injected directly into the HPLC and the products were separated on an ODS column with
fluorescence detection; A, = 325 nm, A, = 390 nm. Advantages claimed for this method
compared to the ADAM protocol were that lipid removal was not required and that clean-up
using SPE before derivatization avoided possible decomposition of fluorescent products. How-
ever, the chromatographic times were considerably longer using the BrMmC protocol, which
leads to a small sample throughput, and chromatograms also contained artefact peaks in the
region where DSP toxins eluted. The BrMmC was found to be adequate for the analysis of
cultured dinoflagellates or mussel tissue containing high concentrations of DSP toxins. Other
bromomethylcoumarin derivatives have also been examined, including 4-bromomethyl-7,8-
benzcoumarin (BrBMC) (see Figure 2f), 4-bromomethyl-7-acetoxycoumarin (BrMAC) (see Fig-
ure 2g), and bromomethyl-6,7-dimethoxycoumarin (BrDMC) (see Fig. 2h). The B-MAC was
found to be weakly fluorescent. BrDMC had an 85% fluorescent yield compared with that of
BrMmC but showed less chemical noise from impurities. BrDMC showed the greatest promise
because of its stability, purity, and the typical ADAM SPE clean-up could be used for derivatized
mussel extracts. BIDAMMC (see Figure 2i) was the least reactive of the coumarin derivatives
(79).

F. 2,3-(Anthracenedicarboximide)ethyltrifluoromethanesulpfonate

Recently, 2,3-(anthracenedicarboximide)ethyltrifluoromethanesulfonate (AE-OTY) (see Figure
2j) was reported as being a very sensitive reagent for the LC determination of acidic DSP toxins.
A shellfish extract, in methanol, was treated with tetraethylammonium carbonate solution and
the solvent was removed under nitrogen. The samples were derivatized with AE-OTf at room
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Figure 5 Fluorimetric HPLC analysis of AE-OTf derivatized DTX-3 compounds in an extract of scallop
material. The acyl moieties were assigned: (1) 20:0, (2) 18:3, (3) 18:2, (4) 16:0, (5) 22:6, (6) 20:4, (7)
18:1, (8) 18:0. Conditions: First column was a Develosil ph-5 (5 um, 150 X 4.6 mm) at 60°C; elution
using methanol/water (9:1); flow rate = 1 ml/min. The target fraction 8.5-9.4 min (A) or 9.2—10.5 min
(B) was loaded onto a second column, Develosil ODS K-5 (5 um, 150 X 4.6 mm); elution using methanol/
acetonitrile/water (71:24:5); fluorescence detection: A, = 298 nm, A, = 462 nm. (From ref. 84.)

temperature and, after silica SPE, the LC separation of the derivatized toxins involved the use
of a silica column and a valve-switching device to introduce a target fraction onto an ODS
column (83). The reported detection limits were 0.8 pg (OA) and 1.3 pg (DTX-1), which makes
this the most sensitive of the chromatographic methods for the determination of these toxins.
DTX-3 compounds have also been determined by this method (84) by using a small modification
to the LC mobile phase composition (Figure 5).

G. Luminarine-3

More recently, it was demonstrated that luminarine-3 (LN3) (see Figure 21), a stable hydrazine
derivative, could successfully derivatize OA, DTX-2, and DTX-1 in shellfish (85). Derivatiza-
tion of the DSP toxins was achieved at a moderate temperature (50°C) using 1-(3-dimethylami-
nopropyl)-3-ethylcarbodiimide (EDC) as a catalyst. Acceptable chromatograms were obtained
in the analysis of shellfish extracts even without SPE clean-up, and the sensitivity using LN3
was comparable with that using ADAM. However, the method was particularly useful for the
rapid LC determination of DSP toxin profiles in phytoplankton extracts and in chromatographic
eluate fractions obtained during toxin isolation studies as good-quality chromatograms were
obtained without the need for SPE (86). The derivatives were separated on an ODS column
with fluorimetric detection; A, = 394 nm and A, = 464 nm.

Vil. LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY

Pleasance et al. developed an LC-MS method, using an ion spray interface and atmospheric
ionization, for the determination of OA and DTX-1. Using a mobile phase of acetonitrile : water
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(6:4) with 0.1% trifluoroacetic acid (TFA) and an ODS column connected to the ionspray inter-
face with a fused silica capillary, the positive ion spectra of OA and DTX-1 were simple with
abundant peaks due to the protonated molecules [M+H]" occurring at m/z 805 and 819, respec-
tively. Thus, selected ion monitoring (SIM) at these m/z values was found to give the best
sensitivity and selectivity for the analysis of OA and DTX-1. Although this method was not as
sensitive as the LC-FLD methods, it did not involve any troublesome derivatization and clean-
up stages. The detection limit was found to be 2 ng of toxin injected and linearity was observed
for up to 50 ng of injected toxin. This method was used to confirm the presence of OA in
Prorocentrum concavum and in natural populations of dinoflagellates from Canadian waters
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Figure 6 SRM LC-MS-MS chromatograms of an extract from Italian toxic mussel hepatopancreas; OA
(1.51 pg/g), DTX-1 (0.29 ng/g). Conditions: Supelcosil LCs-DB column (5 pm, 300 X 1 mm); elution
using acetonitrile/water (80/20) containing 0.1% TFA; flow rate = 10 uL/min. Intensity counts are shown
at the upper right of each chromatogram. (From ref. 91.)
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(87). LC-MS was also used to detect DTX-2 as well as the 7-O-acyl derivatives of OA, DTX-
1, and DTX-2 in Irish mussels (88).

An improvement to the LC-MS method for DSP toxins was reported (89). A microbore
column was used with a linear gradient (20 min) of 40—100% acetonitrile with water containing
0.1% trichloroacetic acid and, when combined with the development of a fully articulated ver-
sion of the ISP interface, this resulted in a 10-fold improvement in the detection limit. The
sensitivity approaches that of the ADAM LC-FLD method. The improved detection limits also
permitted the analysis of DSP toxins in whole mussel tissue (89).

A further sensitivity increase was observed when methanol: water (7:3 with 0.1% TFA)
was used as the mobile phase. 7-O-acetylokadaic acid (AcOA) was successfully used as an
internal standard and an aminopropyl silica phase was used for the clean-up for shellfish extracts
which reduced interferences and allowed concentration of the toxins as well as helping to protect
the HPLC column. OA, derivatized with ADAM, was also analyzed using LC-MS in an attempt
to improve the sensitivity but without success (87). However, using the fluorescent reagent, N-
(9-acridinyl)-bromoacetamide (NABA) (see Figure 2k) to derivatize OA and DTX-1, a fivefold
improvement in sensitivity was observed compared to using the underivatized standards. The
NABA-derivatized analytes were well resolved on an ODS column and the protonated nitrogen
also improved the sensitivity, as the ion evaporation process favors preformed ions in solution
(89). The LC-MS analysis of DSP toxins, derivatized with BAP, has been used to confirm the
presence of OA and DTX-2 in Dinophysis acuta (75). DSP toxins, derivatized with 4-bromo-
methyl-7-methoxycoumarin (BrMmC), have also been reported for the analysis of DSP toxins
using LC-MS (82).

Collision induced dissociation (CID) before the sampling orifice of the LC-MS can provide
structural information about the toxins and confirmatory fragmentation data (90,91). A sensitive
and specific analytical procedure for determining four acidic DSP toxins using micro—liquid
chromatography coupled with tandem mass spectrometry (micro-LC-MS-MS) has recently been
reported (91). This was carried out using isocratic elution at 10 pL/min, with acetonitrile-water
(80:20) containing 0.1% trifluoroacetic acid, through an ODS column. CID mass spectra of the
protonated molecules were obtained in MS-MS experiments in order to identify two diagnostic
fragment ions for each analyte which could be used for selected reaction monitoring (SRM)
micro-LC-MS-MS analysis. This was implemented using the parent-daughter ion combinations
of m/z 805-751; m/z 805-769 for OA, DTX-2, and DTX-2B; and m/z 819-765, m/z 819-784
for DTX-1 and applied to the analysis of mussels from Italy and Ireland (91). Figure 6 shows
the chromatograms obtained using an extract from Italian toxic mussels.

VIll. CAPILLARY ELECTROPHORESIS

Capillary electrophoresis (CE) of DSP toxins is potentially complementary to HPLC, as it pro-
vides a different selectivity mode. Boland et al. used CE with optical detection at 200 nm for
the analysis of OA in semipurified marine samples that had previously been screened using LC-
protein phosphate assays (45). The surfactant, sodium dodecyl sulfate, which incorporates OA
into its hydrophobic cavity, was added to the electrolyte solution used in the CE method, and
this allowed OA to migrate as a charged molecule. A variety of separation principles have arisen
from CE, including micellar electrokinetic chromatography (MEKC), and this was applied to
the determination of DSP toxins in extracts of Prorocentrum lima (92), but the evidence pre-
sented for the identification of DTX-2 in P. lima was not convincing.
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The coupling of CE to mass spectrometry (MS) has been reviewed, and it has been shown

that the major advances in CE-MS have been the development of interfaces to couple electro-
spray and continuous fast atom bombardment (93). Pleasance et al. have used a coaxial inter-
face for the analysis of OA by CE-MS, but significant improvements in sensitivity need to be
made before this can offer an alternative to the current fluorimetric HPLC methods for the
determination of DSP toxins (94).
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Mechanism of Action and Toxicology

Mercedes R. Vieytes, M. C. Louzao, A. Alfonso, A. G. Cabado, and Luis M. Botana
University of Santiago de Compostela, Lugo, Spain

. OVERVIEW

Several organisms produce protein phosphatase (PP)—inhibiting toxins. Okadaic acid (OA) and
calyculin A (both from marine sponges Halichondria okadaii or H. melanodocia), tautomycin
(an antibiotic from Streptomyces spiroverticillatus), microcystin and nodularin (both cyanobac-
terial hepatotoxins), and cantharidin (from blister beetles) are all potent inhibitors of the catalytic
subunits of protein phosphatases (see Chapters 13 and 30 in this book). There are four major
protein phosphatases identified in the cytosol of eukaryotic cells, the PP1, PP2A, and PP2B
group, which belong to the PPP family, and PP2C (calcineurin, a member of the PPM family
[Barford, 1996]), and they are responsible for the dephosphorylation of serine and threonine
residues in proteins (Cohen and Cohen, 1989). Many other protein phosphatases have been
reported (for a review, see Barford, 1996; Burke and Zhang, 1998).

Under certain environmental conditions, marine and freshwater phytoplankton may pro-
duce phycotoxins which are inhibitors of serine/threonine PP 1, 2A, and 3. Marine dinoflagel-
lates of the species Dinophysis and Prorocentrum produce fatty polyethers, particularly okadaic
acid and its derivatives, the dinophysistoxins (DTXs 1-5), all of which are responsible for
gastrointestinal tract symptoms (Yasumoto et al., 1985). In freshwaters, the functionally equiva-
lent and chemically distinct toxins are microcystins and nodularin, which are seven— or five—
amino acid cyclic peptides and are hepatotoxic (see Chapters 26—31). All these toxins are potent
tumor promoters but belong to a new class, different from the PMA (phorbol esters) class,
because they do not act on protein kinase C. Okadaic acid (OA) is a 38-carbon polyether deriva-
tive fatty acid, which accumulates in marine sponges such as H. okadaii and in the digestive
glands (the hepatopancreas) of bivalve mollusks, where it is highly concentrated by filter feeding.

In several parts of the world, algal toxins leading to diarrhea (diarrheic shellfish poisons,
DSP) are found in mussels for extended periods each year. DSP is a rapid-onset intoxication
(see epidemiology of DSP toxins in Chapter 3) in humans caused by the consumption of shellfish
contaminated with OA or the DTXs 1-5) from certain species of marine phytoplankton (Aune,
1997; Hu et al., 1992a; Tachibana et al., 1981; Yasumoto et al., 1985). DSP is a serious problem
to aquaculture worldwide.

The predominant human symptoms of DSP are mostly gastrointestinal disturbances, such
as diarrhea, nausea, vomiting, and abdominal pain, and no fatal cases have been so far reported.
The symptoms start between 30 min and a few hours after eating the contaminated seafood,
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and the victims usually recover within 3 days (Aune, 1997; Yasumoto et al., 1978a, 1978b).
The current method to monitor the toxins is the mouse bioassay (for a review, see Botana et
al., 1996; Quilliam, 1999), which uses the mouse unit (MU) as the measure to quantify the
toxin. One MU is defined as the amount of toxin sufficient to kill one mouse of 20 g within
24 h. It was concluded that 12 MU was sufficient to cause mild symptoms in adults (Aune and
Yundestad, 1993). At the west coast of Sweden, a dinoflagellate bloom occurred in October
1984; several people who had consumed blue mussels from this area developed symptoms of
DSP. The reported toxin concentration was higher than 170 MU kg-1 mussel flesh (Krogh et
al., 1985). The minimum doses of OA and DTX-1 producing diarrhea in adults have been esti-
mated to be 40 and 36 pg, respectively (Hamano et al., 1985). In another toxic episode, Danish
mussels exported to France in 1990 caused intoxications to 415 people (Aune and Yundestad,
1993; Hald et al., 1991). These mussels contained 170 ug OA per 100 g of mussel meat. In
August 1990, 16 people who ate cultivated mussels from eastern Nova Scotia became ill with
symptoms of nausea, vomiting, and diarrhea. The analysis established that there was up to 1
ng DTX-1 in the flesh of one mussel but no OA (Quilliam et al., 1993). Two patients developed
chills, nausea, abdominal pain, vomiting, and diarrhea 1-2 h after each one had consumed 10
mussels (approximately 200 g), which were found to contain 20-30 pg of OA per 100 g (Scoging
and Bahl, 1998). In general, shellfish containing more than 2 pg OA and/or 1.8 ug DTX-1 per
gram of hepatopancreas are considered unfit for human consumption.

The DSP toxins are produced primarily by algae belonging to the genus Dinophysis (D.
acuta, D. norvegica, D. acuminata, and D. fortii) and species in the genus Prorocentrum
(P. lima, P. minimum). Although OA and DTX-1 production is restricted to a few species in
the dinoflagellate genera Prorocentrum and Dinophysis, DSP is a global problem (Shumway
et al., 1994). Since the first report by Yasumoto et al. in 1978, the occurrence of DSP has been
reported in many parts of the world. DSP occurs predominantly in Europe and Japan, but affected
areas now also include North and South America, Australia, Indonesia, and New Zealand (Sund-
strom et al., 1990) due to increased global spreading of toxic dinoflagellates in recent years.
Dinophysis blooms occur widely in European seawaters in the summer months, when conditions
of pH, temperature, and salinity permit their proliferation. It has been reported that 200—-2000
cells of Dinophysis spp per liter of seawater resulted in significant accumulation of cells in blue
mussels (20,000-30,000 cells per digestive gland) and a high toxicity level in the mussels in
Norway (Séchet et al., 1990). On the other hand, only blooms greater than 20,000 cells/L were
associated with diarrheic mussel poisoning in the Dutch Wadden Sea (Kat, 1983).

Windust et al. (1996) have demonstrated that at micromolar concentrations OA is a potent
microalgal growth inhibitor, effective against several different species of microalgae, and this
may explain its biological role, as a secondary metabolite aimed to allow the competitive growth
of the toxin-producer species. Nevertheless, DSP-producing dinoflagellates are not affected even
at much higher concentrations.

Il. CHEMICAL STRUCTURES

The so-called diarrheic toxins are a rather heterogeneous group, which need to be reclassified,
since the only criterion to group them all is their lipophilicity, whereas their mechanism of
action is completely different (i.e., whereas OA inhibits phosphatases, the action of yessotoxin
shows a heavy component of cAMP modulation (unpublished results).

The toxins can be separated into three groups according to their basic skeletons (see Chap-
ters 11 and 14):
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1. Okadaic acid and dinophysistoxins
2. Yessotoxins (YTXs)
3. Pectenotoxins (PTXs)

Chemically, the structures of OA and dinophysistoxins, yessotoxins, and pectenotoxins are poly-
ethers. The first group includes (OA), the polyether macrolides DTXs 1-5, and diol esters (Fig-
ure 1) (Hu et al., 1995b; Lawrence et al., 1998). By spectral comparison with OA, the DTXs
were identified as OA derivatives (Figure 1). The toxin profile is different depending on the
zone to be sampled; that is, DTX-2 is an isomer of OA isolated from Irish mussels (Hu et al.,
1992a), and it is the predominant toxin on those coasts, whereas DTX-1 is the predominant one
in Japan (Carmody et al., 1996) and OA in Spain. Several DTX-2 isomers have been already
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= oH OH OH
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Figure 1 Chemical structure of Okadaic acid and analogs.
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reported (James et al., 1999). DTX-1 and DTX-3 structures were determined by Murata et al.
(1982) and Yasumoto et al. (1985), respectively. DTX-3 is a general name for a group of 7-
acyl derivatives of OA. OA and DTX-1, DTX-2, and DTX-3, or diol esters are lipophilic,
whereas DTX-4 and DTX-5 are water-soluble sulfate derivatives of OA (see Figure 1) (Hu et
al., 1995b). Although DTX-4 and DTX-5 are weakly toxic, they are readily hydrolyzed to form
OA.

OA the main toxin of the diarrheic shellfish poisoning (DSP) group, was first isolated
from the marine sponges of the genus Halichondria (H. okadaii) and H. melanodocia) and from
Prorocentrum lima. The structure of OA was determined by Tachibana et al. (1981) after isola-
tion of the component from sponges. OA is a polyether derivative of a C38 fatty acid with one
carboxyl group and four hydroxyl groups. The major DTX toxin responsible for DSP was iso-
lated in 1982 by Murata et al. (1982) and named dinophysistoxin 1. Spectrometric analysis
identified dinophysistoxin 1 as 35 s-methyl okadaic acid (Murata et al., 1982). Since DTX-3
has not been detected in Dinophysis species, it is suggested that acylation of DTX-1 to DTX-
3 occurs in the hepatopancreas of scallops (Murata et al., 1982). Suzuki et al. (1999) obtained
the first direct evidence of the transformation of DTX-1 to 7-O-acyl-dinophysistoxin-1 (DTX-
3) in the tissues of scallop (Patinopecten yessoensis).

lll. MECHANISM OF ACTION

After OA was first identified as a specific inhibitor of serine/threonine protein phosphatases 1
and 2A (PP1 and PP2A), Fujiki and Suganuma (1993) found 30 compounds of the okadaic acid
class, all potent inhibitors of PP1 and PP2A. These investigators classified these compounds
into four types according to their structural differences:

Okadaic acid itself
Calyculin A
Microcystin-LR

4. Tautomycin

w =

OA and tautomycin are serine/threonine phosphatase inhibitors of the polypropionate class.
Although structurally unrelated to microcystin, OA and tautomycin have also shown inhibition
of PP2A in a dose-dependent manner. OA inhibited PP2A with an IC50 of 0.45 nM, which was
substantially lower than that for tautomycin (IC50 = 10 nM). The IC50 of OA and tautomycin
for PP1 was found to be 1.24 and 0.67 nM, respectively.

Fujiki and Suganuma (1993) propose a conformational change of the OA molecule through
hydrogen bond formation (between C-1 and C-24), which gives a structure closely resembling
that of microcystin. This might explain the binding of the different compounds to the same
cellular receptors. OA and analogues are highly active phosphatase inhibitors effective against
the serine- and threonine-specific phosphatases PP1 and PP2A (Bialojan and Takai, 1988; Nishi-
waki et al., 1990a). Serine/threonine phosphatases (Millward et al., 1999) comprise a unique
class of enzymes consisting of four primary subclasses based on their differences in substrate
specificity and environmental requirements. Phosphatases are highly conserved proteins, and
OA has been found to interfere with phosphatase-kinase-based control mechanisms in a broad
range of eukaryotes (MacKintosh et al., 1990). PP2A appears to play a role in the regulation
of most major metabolic pathways, as well as translation, transcription, and control of transition
from G2 to the M phase of the cell cycle; PP2A may function as either a tumor promoter or tumor
suppressor depending on the cell type or the transforming agent (Coggeshall, 1999; Millward et
al., 1999).
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In the interaction of OA and protein phosphatase (Nishiwaki et al., 1990b), OA binds
specifically to the catalytic subunit. The catalytic subunit of type 1 phosphatase is the natural
and specific target for inhibitor 2 and, together with the catalytic subunit of type 2A phosphatase,
the target of OA (Cohen and Cohen, 1989). PP2A consists of two heterogeneous regulatory
subunits and one catalytic subunit. The results strongly supported the evidence that OA binds
to its protein receptor, the catalytic subunit of PP2A, and inhibits the activity of their catalytic
subunits (Erdodi et al., 1988; Hescheler et al., 1988; Ishihara et al., 1989). Serine/threonine PP1
and PP2A share sequence identity of both enzyme catalytic subunits (50% for residues 23—292;
43% overall). Perhaps the most interesting link between PP1 and PP2A is their shared sensitivity
toward a structurally diverse family of natural products, such as calyculins, tautomycin, nodu-
larins, motuporin, cantharidin, fostriecin, acanthifolicin, the microcystins, and OA. The tertiary
structure of these toxins is similar, and explains why they all inhibit these protein phosphatases
(Bagu et al., 1997). In vitro competition experiments suggest that inhibition of PP1 and PP2A
by these natural products is mutually exclusive with respect to the natural substrates in addition
to one another (DilipDeSilva et al., 1992; Holmes et al., 1990; Laidley et al., 1997; MacKintosh
and Klumpp, 1990; Takai et al., 1995; Walsh et al., 1997). As to the nature of inhibition, OA
acts as a noncompetitive or mixed inhibitor on the OA sensitive protein phosphatases (Bialojan
and Takai, 1988). Several studies (Haystead et al., 1989; Takai et al., 1992) established OA as
a potent and specific inhibitor of PP1 (IC50 = 3—150 nM) and PP2A (IC50 = 0.03-0.2 nM).
The purified catalytic subunits of PP1 and PP2A were potently inhibited by OA with 50%
inhibitory concentration values of 20 and 0.2 nM, respectively.

The IC50 values for different serine/threonine phosphatase inhibitors from previous exper-
iments vary over a wide concentration range. In addition to variances in assay conditions (e.g.,
temperature and duration), differences in the choice of substrate also has an effect on the ob-
served inhibition profiles, and it has been well reported (An and Carmichael, 1994; Fontal et
al., 1999; Gupta et al., 1997; Honkanen et al., 1990, 1991; Vieytes et al., 1997) an enzyme
concentration dependence of IC50 values for both PP1 and PP2A. This observation is character-
istic of tight-binding enzyme-inhibitor interactions. Optimal concentration values of 1 and 0.1
unit/mL were subsequently established for PP1 and PP2A. Okadaic acid is a much more potent
(200-fold) inhibitor of PP2A than PP1 (IC50 of 0.07 and 3.4 nM, respectively). In fact, OA has
been previously used to differentiate between PP2A and other phosphatases owing to its high
affinity for PP2A (Bialojan and Takai, 1988; Haystead et al., 1989; Hescheler et al., 1988; Takai
et al., 1992).

Regarding other protein phosphatase inhibitors, like calyculin A (Ishihara et al., 1989)
or microcystin-LR (MacKintosh et al., 1990) the order of potency is microcystin>calyculin
A>tautomycin, and the IC50 values go from 0.1 to 0.7 nM. Initially, the inhibition IC50 for
microcystin, calyculin A, and tautomycin are in the same range (0.1-0.7 nM) for both PP1 and
PP2A. The inhibitory dose response on the catalytic subunit of PP1 for the OA class compounds
is microcystin>calyculin A>tautomycin>okadaic acid (Suganuma et al., 1992). With regard
to the inhibition of the PP2A catalytic subunit by the same drugs, a similar order of potency
was obtained for all the compounds except okadaic acid: okadaic acid>microcystin>calyculin
A>tautomycin.

None of the OA class compounds has been reported to inhibit protein tyrosine phosphatase
1 activity at concentrations up to 0.01 mM. In several reports, OA was also shown to lack
inhibitory activity toward any protein tyrosine phosphatase (Hescheler et al., 1988; Ishihara et
al., 1989; Suganuma et al., 1992). Thus, the compounds of the OA class exhibit selective inhibi-
tion of protein serine/threonine, but no tyrosine phosphatase activity.

With regard to protein phosphatase purified from bovine brain (PP3), the reported observa-
tions show that, like PP1 and PP2A, the activity of PP3 is potently inhibited by OA, microcystins,
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nodularin, calyculin A and tautomycin (Honkanen et al., 1994). Further characterization of the
toxins employing the purified catalytic subunits of PP1, PP2A, and PP3 under identical experi-
mental conditions indicates that:

1. Okadaic acid, microcystin-LR, and microcystin-LA inhibit PP2A and PP3 more po-
tently than PP1 (order of potency PP2A>PP3>PP1);

2. Nodularin inhibits PP1 and PP3 at a similar concentration that is slightly higher than
that which affects PP2A, and

3. Both calyculin A and tautomycin show little selectivity among the phosphatases
tested. This study also shows that the chemical modification of the (C1) carboxyl
group of OA can have a profound influence on the inhibitory activity of this toxin.

Although most of the actions of OA are due to inhibition of PP1 or PP2A, the effects are also
mediated, at least in some models, to inhibition of PP4 or PP5, this being a field that must be
studied in much more detail (Millward et al., 1999).

IV. STRUCTURE-FUNCTION RELATIONSHIPS

The study on structure-function relationships with OA derivatives revealed that the carboxyl
group, as well as four hydroxyl groups on C-2, C-7, C-24, and C-27 of OA are important for
activity (Nishiwaki et al., 1990a). The relationship between the chemical structure of OA and
its inhibitory effect on the protein phosphatases has been studied to some extent by experiments
with OA derivatives (Nishiwaki et al., 1990a). Alteration of the C-1 carboxylic acid or 24-OH
greatly reduces the activity. Other structural changes (e.g., hydrogenation at C-14 = C-15 or
deoxidation at C-2) which affect the pseudocyclic conformation formed by interaction between
C-1 carboxylic acid and C-24 hydroxyl group also reduce the potency. The structure of OA is
similar to acanthifolicin (9,10-epithio-okadaic acid) (Holmes et al., 1990). Methyl esterification
of the single carboxyl group on acanthifolicin (and OA) drastically reduced the potency of these
compounds as protein phosphatase inhibitors, demonstrating that the region comprising this
carboxyl group is important for effective inhibition of the enzymes. Nishiwaki et al. (1990a) have
examined the effect of 17-OA derivatives on the protein phosphatase (mainly PP2A) activity of
a cytosolic fraction of mouse brain. They have reported that OA decreases its affinity to the
phosphatase when the carboxylic acid is either removed or modified (Takai et al., 1992). It has
been reported that OA tetramethylether (methylated at 2-, 7-, 24-, and 27-carbon hydroxyl
groups) does not promote intracellular hyperphosphorylation in human fibroblasts and is not
active as a tumor promoter (Issinger et al., 1988; Suganuma et al., 1989). Experimental evidence
for the importance of the four hydroxyl groups of OA for its inhibitory effect on protein phospha-
tases was obtained by Sassa et al. (1989), who reported that 2,7,24,27-tetramethoxy-OA, in
which all the four hydroxyl groups were methoxylated, had no inhibitory effect on the protein
phosphatase (mainly PP2A) activity in a cytosolic fraction of mouse brain (see also Nishiwaki
et al., 1990a). The latter observation indicates also the crucial importance of the hydroxyl groups
for the interaction of OA with protein phosphatases. Takai et al. (1992) have examined the
effect of some other OA derivatives, including 2-deoxy-OA and 7-deoxy-OA, on the affinity
for purified preparations of PP1 and PP2A. They found that selective removal of the hydroxyl
groups at the 2 and 7 positions increases the K; values for the interaction with PP2A 30-fold
and 2-fold, respectively. According to the model of the three-dimensional conformation of OA
on the basis of x-ray analyses, the 27-hydroxyl group thus appears to be present in a position
relatively free from intramolecular bond formation, in comparison with the other three hydroxyl
groups, which are thought to form hydrogen bonds either with the carboxyl group or with the
cyclic-ether oxygens to stabilize the circular conformation (Taylor et al., 1996). Therefore, of

MaRcEL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

U



Mechanism of Action and Toxicology 245

the specific modifications of the hydroxyl groups examined (Sasaki et al., 1994), oxidation of
the 27-hydroxyl group causes the most marked reduction of the affinity to the phosphatases. In
contrast with methoxylation of all four hydroxyl groups (see above), however, this modification
does not completely abolish the inhibitory effect. Therefore, it seems that the 27-hydroxyl group
serves as one of the multiple binding sites, forming a hydrogen bond with some electron-rich
portion of the PP1 and PP2A molecules.

V. MOLECULAR INTERACTION WITH PHOSPHATASES

The importance of a cyclic system in modulating binding affinity of microcystin and nodularin
has been highlighted, since the acyclic inhibitors appear to fold onto themselves, resulting in
cyclic conformations. This observation is supported by the existence of intramolecular hydrogen
bonds between N[3]-H and O(1) in calyculin A (Kato et al., 1986) and the C-1 carboxylate and
C-24 hydroxy oxygen in OA that form 21- and 18-membered pseudorings, respectively. A simi-
lar analysis of OA suggests that the C-4—C-12-spiroketal unit is responsible for the effective
turn of the molecule. These spirocyclic features reinforce adoption of ‘‘circular’” conformations
despite the acyclic primary structures of OA and calyculin. Gupta et al. (1997) have reported
a computational study performed on the inhibitors calyculin A, nodularin, and OA to binding
to PP1. These investigators show that the natural toxins, although having diverse structures,
possess remarkably similar three-dimensional motifs on superimposition and Van der Waals
minimization within the PP1 active site (Gupta et al., 1997).

VI. TOXIN TRANSFORMATION AND METABOLISM

The importance of PP2A in cellular homeostasis is underscored by the fact that several organisms
produce PP2A-inhibiting toxins, presumably as a self-defense mechanism. It has been demon-
strated that OA inhibits the growth of a variety of microalgae in a concentration-dependent
manner, but not that of a DSP-producing dinoflagellate, Prorocentrum lima (Windust et al.,
1996), suggesting an allelopathic role for the toxin (Windust et al., 1996). This activity of OA
is consistent with an ability to inhibit serine- and threonine-specific phosphatases (Bialojan and
Takai, 1988), thereby disrupting normal eukaryotic cell functions. Indeed, OA is extremely
potent and enhances overall levels of protein phosphorylation when present at nanomolar levels
within the cell (Haystead et al., 1989). Derivatives of DSP toxins have been recovered from
cultures of P. lima. These include OA diol ester (Hu et al., 1992b) and the water-soluble DTX-
4 (Hu et al., 1995b). Importantly, both OA diol-ester and DTX-4 or DTX-5 can be hydrolyzed
to yield the parent toxin OA (see Figure 1), and the OA methyl ester is 4500 times less potent
than OA against PP2A. In vitro enzyme assays have shown that DTX-4 is about 50 times less
effective as a phosphatase inhibitor than OA (Hu et al., 1995a, 1995b) and that OA diol-ester
is relatively inactive (Hu et al., 1992b). The low activity of these ester derivatives of OA is
consistent with previous studies which have concluded that high activity against phosphatases
is correlated with a free carboxyl group (Holmes et al., 1990; Lawrence et al., 1998; Nishiwaki
et al., 1990a).

Although the fundamental importance of phosphatase to cell function make them ideal
targets for allelopathic agents, producing cells must also avoid autotoxicity (MacKintosh and
MacKintosh, 1994). This function in DSP toxin—producing dinoflagellates may be fulfilled by
the synthesis of weakly active sulfates, such as DTX-4 or DTX-5. This contention is supported
by the fact that at least 80% of intracellular DSP exists as DTX-4 in P. lima (Quilliam et al.,
1996) and by biosynthetic evidence that implicates DTX-4 as the initial product of DSP synthesis
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in P. lima (Needham et al., 1994). The allelopathic potential of OA toward microalgae has been
demonstrated when the toxin is dissolved in seawater (Windust et al., 1996), and the biosynthesis
of water-soluble DSP compounds such as DTX-4 by P. lima has been proposed as a means of
facilitating excretion (Hu et al., 1995a). DTX-4 is rapidly hydrolyzed to OA diol-ester and OA
by enzymes released following lysis of P. lima cells (Quilliam and Roos, 1996); therefore the
DSP compounds may also be effective against predators that rupture producing cells during
feeding (Windust et al., 1997).

It has been proposed that the relative toxicity of the DSP compounds in vivo may be
primarily explained by their widely differing solubilities (Windust et al., 1997). This is indirectly
supported by several lines of evidence: the much higher concentrations of OA required to cause
an effect in vivo versus in vitro (Botana and MacGlashan, 1993; Estévez et al., 1994; Vieytes
et al., 1997), the propensity of the esters to hydrolyze (albeit at a slow rate), and the oxidative
metabolism of OA diol-ester by Thalassiosira weissflogii.

The concentrations of OA required to inhibit phosphatases in extracts (~1 nM) are three
orders of magnitude lower than those required to affect the biochemistry of whole cells (~1
uM). This is believed to be due to the barriers imposed by cell walls and membranes to the
diffusion of OA (Cohen et al., 1990). In general, the lipid solubility of a toxin will predict its
propensity to accumulate within cells and is therefore a significant factor in determining the
potency. Although often described as a lipid-soluble polyether, OA still possesses a carboxyl
group likely to be ionized at physiological pH; this would hinder diffusion across membranes.
In contrast, OA diol-ester has no ionizable group and would be expected to move across cell
membranes with relative ease. Therefore, the minor hydrolysis of OA diol-ester to OA observed
(Windust et al., 1997) (~3%) is in fact very important in determining in vivo toxicity as the
diol-ester could provide an effective carrier for transporting OA into a cell. OA liberated by
hydrolysis within the cell would be 1000 times more potent than that outside the cell, and this
could explain reported observations (Windust et al., 1997), contrary to data derived from in
vitro experiments, showing a high relative toxicity of OA diol-ester to T. weissflogii.

The ability of OA diol-ester to enter cells readily is indirectly supported by the rapid and
inducible hydroxylation of this molecule by 7. weissflogii. Cells of T. weissflogii challenged
with OA diol-ester rapidly metabolized most of the toxin to a more water-soluble product. From
interpretation of mass spectral data obtained using ion-spray liquid chromatography—mass spec-
trometry (LC-MS), the metabolite was identified as an oxygenated diol-ester of OA, implying
that it was the product of a monooxygenase-detoxification pathway. It is postulated that OA
diol-ester, as a lipid-soluble, uncharged molecule with a propensity to hydrolyze to OA, may
facilitate the transfer of OA across cell walls and membranes (Windust et al., 1997).

If OA diol-ester serves as an effective intermediate for the transport of DSP toxins across
cell membranes, it could prove to be a significant factor in DSP transfer and toxicity within the
food web, including human consumers. This is because DTX-4 is the major DSP toxin found
within P. lima, and it will be hydrolyzed in seconds to OA diol-ester, but then only slowly to
OA, following cell lysis (Quilliam and Roos, 1996). DTX-4 can be sequentially hydrolyzed
through uncharged, lipophilic intermediates ultimately to yield the active, free acid toxin OA.
Thus, as P. lima cells are ingested and lysed by predators, OA diol-ester will be the primary
DSP toxin available for uptake and potential conversion to OA.

VIl. CELLULAR TOXICITY

Okadaic acid is a potent tumor promoter (Fujiki et al., 1990), it is not an activator of protein
kinase C, and it is a very specific inhibitor of protein phosphatases. OA has been the focus of
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major interest since the first reports that phosphorylation and dephosphorylation of proteins are
among the most important regulatory processes in eukaryotic cells (Cohen, 1989). Phosphatases
are present in all eukaryotic cells, and their control presents a number of challenges to medicinal
chemists. The protein phosphatases are integral regulatory proteins and play significant roles
in signal transduction pathways pertaining to metabolism, cell proliferation, gene expression,
neurotransmission, membrane transport, contractility, morphogenesis, development, cell cycle
progression, or secretion (Cohen, 1989; Wera and Hemmings, 1995), but the mechanisms by
which PP2A affects such diverse cellular functions are not well understood. However, over the
past 10 years, it became clear that one of the major classes of phosphatases substrates are in
fact the protein kinases themselves (Millward et al., 1999). The toxic properties of OA have so
far been attributed to its ability to inhibit the activity of these enzymes, which in turn affects
all kind of intracellular processes. Inhibition of other serine/threonine protein phosphatases,
such as PP3 (Brewis et al., 1993; Honkanen et al., 1991) may also contribute to the toxic effects
of OA; however, to date, little is known about the physiological or pathological roles of these
enzymes. Recently, several groups have discovered additional PP2A-like phosphatases that, al-
though they represent only a small fraction of the total cellular serine/threonine phosphatase
activity, they also show sensitivity to OA. OA inhibits PP4 in vitro with an IC50 comparable
to that of PP2A, whereas PP5 is inhibited with an IC50 of 1-10 nM (for a review, see Millward
et al., 1999).

The first insight into the mechanism of action of OA came from the discovery that OA
enhanced the contraction of smooth muscle fibers, and it caused long-lasting contraction of
smooth muscle from human arteries (Shibata et al., 1982). This appeared to be mediated by a
phosphatase from smooth muscle with activity toward isolated myosin P light chains. Smooth
muscle contraction is triggered by phosphorylation of a subunit of myosin, and the effect of
OA was due to inhibition of myosin light chain phosphatase (Takai et al., 1987). Later, OA
was shown to be a specific inhibitor of two of the four major protein phosphatases in cytosol
in mammalian cells, type 1 and type 2A (Bialojan and Takai, 1988). PP2B, a Ca**-dependent
protein phosphatase (a calcium/calmodulin—dependent enzyme) whose catalytic subunit is ho-
mologous to those of PP1 and PP2A, is also inhibited by OA, but with much lower potency
(half-maximal effect at 5 uM) (Bialojan and Takai, 1988), whereas PP2C, a magnesium-
dependent enzyme, is unaffected. OA can be applied to cells at levels of up to 1 uM without
any detectable inhibitory effect on PP1 or on the other major serine/threonine—phosphatase
activities.

Along with the original observations that OA caused contraction of smooth muscle, OA
has been shown to modulate dramatically several metabolic parameters in intact cells. The toxin
stimulates glucose output and gluconeogenesis in hepatocytes, stimulates lipolysis, and inhibits
fatty acid synthesis in adipocytes (Haystead et al., 1989).

Proteins whose phosphorylation is increased in the presence of OA include (1) acetyl-
CoA carboxylase and ATP-citrate lyase in adipocyte and hepatocyte cytosol, (2) pyruvate kinase
and 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase (PFK2/FBPase) in hepatocyte cyto-
sol, and (3) glycogen phosphorylase and glycogen synthase in the hepatocyte-glycogen fraction.
Because of this inhibitory effect, OA produces in intact cells a great increase in phosphorylation
of several proteins, that is, myosin light chain, elongation factor 2, acetyl-CoA carboxylase,
and tyrosine hydroxylase, and modulates a variety of cellular functions such as smooth muscle
contraction, fatty acid biosynthesis, protein synthesis, and cathecholamine synthesis and secre-
tion (Felix et al., 1990; Haystead et al., 1989).

The finding that OA converts acetyl-CoA carboxylase completely into the phosphorylated
form in adipocytes shows that protein phosphatase 2A is responsible for dephosphorylation in
the intact cells. Given the dramatic effects of okadaic acid on protein phosphorylation, it might
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be expected that all manner of toxic effects secondary to increases in protein phosphorylation
would occur in long-term incubations.

Although OA antagonized the actions of insulin on fatty acid synthesis and lipolysis, it
mimicked the action of insulin in dramatically enhancing the incorporation of radioactivity from
[*H]glucose into total lipid. OA is known to provoke insulin-like effects on GLUT-4 transloca-
tion and glucose transport, and causes a significant (three- to six-fold) increase of the rate of
2-deoxyglucose (an index of glucose transport and phosphorylation) accumulation by isolated
rat adipocytes (Corvera et al., 1991; Haystead et al., 1989). Similar insulin-like results were
obtained in skeletal muscles from mice that show, with 5 UM OA, a response as efficient as a
maximally effective insulin concentration (Tanti et al., 1991). On the other hand, pretreatment
of cells with OA acutely inhibits the effects of insulin to stimulate the rate of glucose transport,
principally by blocking the insulin-stimulated redistribution of GLUT-4 transporters to the
plasma membrane. This effect is similar to growth hormone (GH) since OA initially mimics
the actions of insulin (Corvera et al., 1991), but subsequently, after being removed, the ability
of adipocytes to accelerate glucose metabolism in response to insulin is severely reduced. OA
produces such refractoriness without affecting the ligand affinity or tyrosine kinase activity of
the insulin receptor. Similarly, refractoriness to the insulin-like effect of GH is also produced
without a change in the affinity or abundance of GH-binding sites (Gaur et al., 1998; Grichting
et al., 1983).

OA has been reported to exert potent tumor-promoting activity (Fujiki and Suganuma,
1993) and to cause apoptotic neuronal death in vitro (see Chapter 13). The effect of OA in
human fibroblasts or neuroblastoma cells show clear apoptotic effects regarding cell morphol-
ogy, mitochondrial membrane potential, actin or DNA organization, and free radical (Leira et
al., 2000). The neurotoxic effect that OA induces in cerebellar neurons in primary culture can
be observed at concentrations (0.5 nM) that do not affect nonneuronal cells (Fernandez et al.,
1991). Since in cultured neurons OA behaves as a potent neurotoxin, the regional selectivity
and mechanisms underlying its toxicity were investigated by Runden et al. (1998) in hippocam-
pal slice cultures. The studies revealed that OA caused a dose- and time-dependent injury to
hippocampal neurons. Treatment with OA led to rapid and sustained tyrosine phosphorylation
of the mitogen-activated protein kinases ERK1 and ERK2 (p44/42 [mapk]). The phosphoryla-
tion was markedly reduced after treatment of the cultures with the microbial alkaloid K-252a
(a nonselective protein kinase inhibitor) or the MAP kinase (MEK1/2) inhibitor PD98059. Both
K-252a and PD98059 also ameliorated the OA-induced cell death.

In order to asses its neurotoxicity in vivo, Arias et al. (1998) studied the effect of different
doses of OA administered into the dorsal rat hippocampus. Hippocampal sections revealed that
a notable neurodegeneration occurred as early as 3 h after injection of 300 ng OA. Neuronal
death was more evident at 24 h, and at this time the extent of damage was dose dependent. The
process of neuronal death was accompanied by a loss of the microtubule-associated protein
MAP2 and also an increase in the expression of the inducible heat shock protein 72 in the
surviving neurons.

In fact, the neurotoxic effect of OA may be related to the nervous modulation of its diar-
rheic effect, as suggested by the clearly observable nausea and vomiting during DSP episodes.
Nevertheless, in addition to this, the induction of diarrhea by OA is a result of phosphorylation
of proteins controlling the sodium secretion by intestinal cells and by enhanced phosphorylation
of cytoskeletal elements which influence the permeability of cell membranes (Aune, 1997; Co-
hen et al., 1990). Cytoskeletal integrity in cells requires intense protein phosphatase activity,
and OA produces profound morphological alterations in a variety of cells. The changes include
reorganization of the microfilament and intermediate-filament networks, organelle segregation,
and surface blebbing (Eriksson et al., 1990).
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Initially OA was noted for its Ca>*-independent activation of smooth muscle (Ozaki et
al., 1987). Since then it has been shown to have a variety of effects on Ca** signaling. OA has
been described to potentiate calcium currents, possibly via phosphorylation of voltage-dependent
calcium channels, in experimental systems as different as the protozoan Paramecium tetraaure-
lia (Klumpp et al., 1990) or isolated guinea pig cardiac myocites (Hescheler et al., 1988). It
has been shown to increase Ca>" currents in isolated myocytes (Hescheler et al., 1988), to po-
tentiate Ca®" influx by Icgac (Parekh et al., 1993), to inhibit agonist-stimulated Ins(1,4,5) P3
production and release of Ca** from stores in rat hepatocytes (Mattingly and Garrison, 1992),
and to induce the release of Ca** from the agonist- and thapsigargin-sensitive intracellular stores
in ECV304 endothelial cells (Hepworth et al., 1997). OA has complex patterns of cell modula-
tion depending on the transduction pathways under study, that is, the combination of OA and
cholera toxin (which permanently blocks Gs protein), provides the strongest stimulus for the
Na*-H* exchanger in comparison to any other cell modulator (Alfonso et al., 1994). Also, OA
shows an exquisite selectivity to inhibit IgE-mediated responses in mast cells and basophils
(Botana and MacGlashan, 1993; Estévez et al., 1994), this being more evidence of the powerful
and widespread effect of these toxins and the potential they may have as lead molecules on the
search for new drugs (see Chapter 33).

The effects of OA acid as tumor promoter and apoptotic inducer are thoroughly covered
in Chapter 13.

VIll. TOXICITY IN ANIMALS AND EXPERIMENTAL SYSTEMS

Since OA class compounds are widespread contaminants, they can induce both acute and chronic
toxicity in humans. Their acute toxicity has been well documented. The toxic effects of OA,
DTX-1, and DTX-3 on experimental animals or in vitro systems have been examined biochemi-
cally, pharmacologically, and pathologically, and the three toxins seem to induce similar effects.

Traditionally, the toxicity of the DSP toxins is measured by means of intraperitoneal injec-
tions of extracts from contaminated mussels into the mice (Yasumoto et al., 1978b). The effects
of intraperitoneal injections of DSP toxins in mice are inactivation and general weakness. The
symptoms appear 30 min to several hours after injection, and at sufficiently high concentrations
the animals die from minutes up to 2 days. When the algal toxins are given by the oral route,
the lethal dose is 16—50 times higher, but the symptoms are the same. Chickens and cats are
less sensitive to DSP toxins than mice.

Although nonfatal, DSP is recognized as a worldwide health problem. Diarrhea associated
with shellfish poisoning is poorly understood, and very little information exists regarding how
the toxin affects intestinal epithelial function. The first toxin isolated from mussels contaminated
by Dinophysis fortii was DTX-1 (Murata et al., 1982). Edebo et al. (1988) reported that the
instillation of dinophysistoxin 1 into ligated loops of rat small intestine induced a rapid accumu-
lation of fluid. Mice receiving this toxin at 160 pug kg~' body weight died within 24 h while
suffering from constant diarrhea. Further studies on suckling mice (7-10 g) were performed by
Terao et al. (1986, 1993), who found morphological changes 1 h after the administration of
DTX-1 by intraperitoneal injection. The duodenum and upper portion of the small intestine
became distended and contained mucoid, but not bloody, fluid. At the ultrastructural level, three
sequential stages of changes of the villi were observed: extravasation of villi vessels, degenera-
tion of absorptive epithelium and degeneration of microvilli, and desquamation of the degener-
ated epithelium from the lamina propria. Interestingly, the crypts appeared to be protected from
the toxic effects.
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When OA, DTX-1, or DTX-3 were given orally to infant mice, they caused excessive
fluid accumulation in the intestine. This effect is similar to the watery secretion caused by well-
recognized bacterial enterotoxins like cholera toxin, the Escherichia coli enterotoxins LT and
ST, and Clostridium difficile enterotoxin. The diarrheic activity of algal toxins has been quanti-
fied in ligated intestinal loops of the rat. Toxic tissue homogenates, liquid recovered after steam-
ing of toxic mussels, and purified OA produced maximum fluid accumulation in the loops within
2 h. Thus, the fluid accumulation kinetic was faster than the 6 h described for cholera toxin
and the heat-labile enterotoxin (LT) from E. coli but equaled that of the heat-stable enterotoxin
(ST) (Lange, 1982; Lange and Lonnroth, 1983). In this way, toxins with lower molecular weights
such as OA (molecular weight = 736) and ST (MW = 2500) have shown faster action than
cholera toxin (MW = 84,000) and LT (MW = 90,000). The minimum quantity of OA which
produced significant secretion in the rat intestinal ligated loop test was approximately 0.5 ug.
On a body weight basis, therefore, humans are estimated to be at least four times as sensitive
as the rat to enteral challenge with OA (Edebo et al., 1988).

According to Lange et al. (1990), the rat small intestine functions as the most sensitive
and reproducible organ for studies of the diarrheal effects of marine toxins. OA injected in
ligated loops from the middle duodenum of male rats show changes within 15 min after injection.
After 60—-90 min, most of the enterocytes of the villi were shed into the lumen and large parts
of the flattened villi were covered by globet cells. The degree of damage was dose dependent:
3 ng OA affected only the top of the villi, whereas 5 pg led to collapse of the villous structure.
Intravenous injection of OA induced similar, but less extensive, changes, indicating that the
enterocytes are specific target cells for OA.

After the DSP effect, the degenerated cells and debris are adsorbed and the villi begin to
regenerate within 2 h (Terao et al., 1993). Within 24 h, degenerated parts of the small intestine
are completely regenerated. It is worth pointing out that the pathomorphological changes induced
by intraperitoneal administration are essentially the same as those induced by oral administra-
tion, except for DTX-3, which is not as potent, although the severity of the intraperitoneal
administration is about seven times greater (Terao et al., 1993). In a similar fashion to microcys-
tin, oral and intraperitoneal administration of OA and DTX-1 in mice and rats also induces liver
damage expressed as degeneration of endothelial lining cells at the sinusoid, this hepatotoxicity
seems to be more intense with DTX-3 (Terao et al., 1993). Again, the acyl group at R1 of DTX-
3 may play an important role. The degeneration of the hepatocytes occurred 24 h after the
administration of DTX-3, whereas the injuries induced by the phycotoxin in the small intestine
appeared at the same doses within 15 min.

The injuries and repair processes in the intestines of mice induced by DTX-3 were com-
pared to those induced by OA and DTX-1 (Ito and Terao, 1994). DTX-3 impaired intestinal
villi by the oral route only, whereas OA and DTX-1 caused intestinal injury with both oral and
intraperitoneal exposures (oral toxicity was about 25-50 times lower than toxicity obtained by
intraperitoneal injections). The character of the lesions caused by the three toxins and the recov-
ery processes were highly similar, which was to be expected owing to their shared mechanism
of action.

Regarding the effect of OA on intestinal ion transport, which might account for the accu-
mulation of fluid, it has been reported (Tripuraneni et al., 1997) that OA increased paracellular
permeability in cultured colon epithelium. OA does show effects on both Cl~ secretion and
barrier function on cultured human intestinal epithelial T84 cell monolayers, although it does
not directly stimulate CI~ secretion, but attenuates Cl~ secretion in response to secretagogues
in both T84 cells and in stripped rabbit colonic mucosa. Also, OA increases the paracellular
permeability of intestinal epithelia, which may contribute to the diarrhea associated with shellfish
poisoning. These data suggest that the diarrhea associated with DSP is not the result of secreta-
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gogue-like activity that characterizes the actions of other toxins such as cholera or the heat labile
toxin of E. coli. Hosokawa et al. (1998) reports that OA promptly evokes mucosal damage and
that the damage is self-limited, leaving no after effect within 7 days. Although over 90% of
patients experience diarrhea, with an incubation period seldom exceeding 12 h, from an epidemi-
ological perspective, DSP-intoxicated patients recovered within 3 days (Yasumoto et al., 1984).

IX. PHARMACOKINETICS DSP TOXINS

Very little is known about the toxicokinetics of the toxins in the DSP complex, both in animals
and humans. Owing to their lipophilicity, they might be expected to be easily absorbed and
distributed in the human body. Accumulation in numerous body compartments, most notably
in intestinal tissue, stomach, liver, and lung, has been demonstrated for several toxins, although
there is no specific target organ known for this toxin. Nevertheless, the fact that an acute intoxica-
tion shows clear diarrheic symptoms suggests that the main target for OA is the gastrointestinal
tract. The variations in the distribution of ['H]JOA in organs and biological fluids of mice related
to diarrheic syndrome has been studied by Matias et al. (1989) following an oral dose of 50
png/kg OA, which could be considered as a case of mild OA intoxication. The results indicate
a very low metabolization, the capability to reach any tissue, the existence of an enterohepatic
cycle, and an important accumulation in intestinal tissues, which accounts for the intestinal
cytotoxicity and diarrhea.

This distribution was even more pronounced in intestinal tissue when animals were given
OA orally, 90 pg/kg, which induced diarrhea. The high concentrations of [*H]OA in intestinal
tissues and contents 24 h after administration demonstrates a slow elimination of OA. When
the dose of OA was increased from 50 to 90 pg/kg, the concentrations of the toxin in the
intestinal content and feces increased proportionally. A good correlation was found between an
increase of OA in the intestinal tissue and the diarrhea in animals given 90 pg/kg orally. These
data also revealed that in acute OA intoxication the concentration of the toxin in the intestinal
tissues reaches cytotoxic concentrations in accordance with the diarrhea, which is the main
symptom of OA poisoning. When toxic doses are ingested, the effects on the gastrointestinal
tract are the main cause of death. In mice dosed 90 Lg/kg, which is still a nonlethal dose,
diarrhea takes place but does not wash out the toxin. The toxin was rather accumulated in the
intestinal tissue, in intestinal content, and in kidney and liver, whereas the distribution was of
the same extent in blood, urine, feces, and gallbladder. It could be that diarrhea and subsequent
hypovolemia did not permit a normal blood circulation, urine elimination, and enterohepatic
cycle. This finding is in accordance with the symptomatology of shellfish diarrhea, which occurs
in consumers after ingestion of OA-contaminated shellfish and in animals given OA by gastric
intubation (Matias et al., 1999).
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Neoplastic Activity of DSP Toxins: The Effects
of Okadaic Acid and Related Compounds on
Cell Proliferation: Tumor Promotion or
Induction of Apoptosis?

Gian Paolo Rossini
University of Modena and Reggio Emilia
Modena, Italy

. INTRODUCTION

The functional states of cells in multicellular organisms may be of proliferation, differentiation,
or apoptosis. The decision as to whether at any instant a cell enters in and/or proceeds through
one of these states is based on the genetic program and chemical signals recognized by that
cell.

It is well established that recognition of extracellular signals and their transduction in
living cells, to trigger appropriate responses, involves either plasma membrane (1-3) or intracel-
lular (4) receptors. The control of cell proliferation by endogenous hormones and growth factors
(GFs), in particular, may involve signal transduction through both types of receptors, and, in
any case, the effects include the controlled expression of genes responsible for cell growth (5).
A major difference in the mechanisms of signal transduction involving intracellular or plasma
membrane receptors is that the former are ligand-regulated transcription factors (6), whereas
the latter trigger intracellular cascades of events, culminating with the activation of a defined
set of protein kinases, which will eventually control the functioning of transcription factors.
Figure 1 is a schematic representation of major steps currently believed to participate in the
mechanisms of signal transduction. For a detailed description of the phenomena and possible
cross-talk among signal transduction pathways, the reader may refer to excellent reviews which
have appeared on those topics (2-9).

A number of hormones and several natural components trigger responses in target cells
by binding to intracellular proteins of the steroid/thyroid hormone receptor superfamily (4,6).
Once the ligand (S) has bound to its cognate receptor (SR), dimerization of ligand-receptor
complexes, and their direct interaction with DNA sequences located in the promoter region of
controlled genes, is responsible for either positive or negative transcriptional responses
(6,10,11).

Signaling through plasma membrane receptors (Rs) displaying protein tyrosine kinase
(TK) activity, as in the case of most GFs (3,9), in turn, is triggered by ligand binding to receptor
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Figure 1 Schematic representation of major mechanisms of signal transduction involved in the control
of cell proliferation.

proteins and receptor dimerization, with the consequent activation of TK activity. The intracellu-
lar TK domain of one receptor subunit is then believed to trans-phosphorylate selected tyrosine
residues in the carboxy-terminal portion of the other subunit, giving rise to docking sites which
are recognized and bound by proteins (adapters) containing SH2 domains, displaying adequate
affinity for the phosphotyrosines and the surrounding amino acids (9,12). The proteins bound
to docking sites then form transducing complexes (including, for instance, GRB2, SHC, SOS)
capable of being able further to process the extracellular signals by binding and activating other
components of the transduction machinery, such as the GTP-binding protein Ras, and the ser/
thr protein kinase Raf-1 (9). This kinase is then believed to induce, either directly or by phos-
phorylation and activation of some intermediate ser/thr protein kinase (7,9,13,14), the phosphor-
ylation of Ser218 and Ser222 of mitogen-activated/extracellular signal-regulated kinase-activat-
ing kinase (MEK). This kinase then becomes capable of catalyzing the phosphorylation of both
Thr183 and Tyr185 residues of mitogen-activated protein kinase (MAPK)/extracellular signal—
regulated kinase (ERK), leading to activation of the kinase. The active ERKSs, or some other
protein kinase(s) activated by ERKs (14,15), in turn, will phosphorylate transcription factors,
leading to changes in their functional properties, and then bringing about the final step of extra-
cellular signal-induced modulation of transcription at the nuclear level.

As it will be apparent from some issues discussed in Section IV, these two major modes
of signal transduction could influence each other. Indeed, cross-talk among different mechanisms
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of signal transduction involved in the control of cell proliferation is fairly common, as exempli-
fied by signaling via G protein-coupled receptors and activation of the ser/thr protein kinase C
(PKC), which appear to converge over the Raf-1/MEK/MAPK pathway (7,8,16). Although
these pathways will not be discussed here, it seems important to point out that PKC isoforms
are believed individually to play some role in proliferative responses through phosphorylation
of proteins which may or may not be substrates of ERKs (7,17,18).

If these concepts are put in perspective, it is clear that a key aspect of the molecular
mechanisms involved in the control of cellular functions is related to defined sets of phosphoryla-
tive events. The phosphorylation of specific substrates catalyzed by individual protein kinases,
in fact, changes the functional properties of target proteins, which will be the agents of responses.
Removal of phosphate groups from target proteins catalyzed by phosphoprotein phosphatases
(PPases), in turn, will lead to reversion of their functional properties to those existing before
stimulation. Within this framework, the phosphorylation state, that is, the balance between phos-
phorylated and unphosphorylated forms of individual proteins, will dictate the overall trend of
the function they perform (19).

As far as the control of cell proliferation is concerned, genetic changes in one or more
components of the signal transduction machinery, resulting in alteration of their functioning,
are believed to represent the molecular basis of neoplastic transformation, often leading to cells
displaying a phenotype characterized by deregulated protein phosphorylation (19,20). Further-
more, this type of outcome can be operationally due to either altered kinase activity, phosphatase
activity, or both. The events leading to cancer development and outgrowth then include both
genetic and epigenetic factors.

This chapter will describe one type of these epigenetic factors, namely, the diarrhetic
shellfish poisoning (DSP) toxins, which include those chemicals sharing the capacity to bind
and inhibit type 1 and type 2A ser/thr PPases (21-26). The proximal molecular consequence
of this inhibition is then a stabilization of phosphorylated forms of proteins being substrates of
PP1 and 2A.

The chemistry and mechanism of action of okadaic acid (OA) and related compounds are
dealt with in other chapters of this book, and will not be discussed here. Attention will be rather
focused on the effects of OA class compounds on molecular and cellular events involved in
proliferation of normal and tumor cells.

Il. TUMOR PROMOTION BY OKADAIC ACID CLASS COMPOUNDS

The multistage skin carcinogenesis model is a useful system to study the molecular events
underlying the development of skin cancer and, in a broader view, other types of tumors (re-
viewed in ref. 27).

The ontogeny of skin cancer can be operationally divided into three stages: initiation,
promotion, and progression (27). The first stage is irreversible, and involves some genetic dam-
age due to application of a carcinogen to mouse skin. The promotion stage follows initiation,
and consists of repetitive treatment with an agent (the tumor promoter) that may not have the
mutagenic activity of initiators. Owing to the need of multiple applications of the promoter,
this second phase is initially reversible, but eventually becomes irreversible. Finally, in the last
stage of progression, the benign lesion may develop into a malignant tumor and give rise to
metastases.

The two-stage model of mouse skin carcinogenesis has been extensively used by Suga-
numa, Fuijiki, and their collaborators to discover tumor promoters and characterize their mecha-
nisms of action (reviewed in ref. 28). The first clear indication of tumor promoter activity of a
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DSP toxin was provided in 1988, when investigators showed that application of OA twice a
week on mouse skin, after a single application of the carcinogen dimethylbenzanthracene
(DMBA), would result in tumor development in 80% of mice population by the 30th week of
treatment (29). In line with the contention that tumor development requires both initiation and
promotion, tumor incidence in mice treated with either DMBA alone or OA alone was less
than 10%. Furthermore, in the same paper, evidence was provided that OA functions through
a molecular mechanism which is more distinct than that used by the phorbol ester—type tumor
promoters, which are known to bind and activate some isoforms of PKC (30-32). No activation
of this protein kinase, in fact, could be induced by OA (29).

Since then other studies have further supported the contention that an okadaic acid class
of tumor promoters exists, including several toxins of algal origin, such as derivatives of this
polyether fatty acid, calyculins, microcistins, and nodularin (28,33—35). The distinct feature of
this heterogeneous group of chemicals, as already mentioned, is their capacity to bind to the *‘OA
receptors,”’ represented by PP1 and 2A (21-24). It is thus surprising that one such compound,
tautomycin, has not been found to behave as a tumor promoter (36). Although dose-response
studies have shown that the potencies of these inhibitors vary among the different PPases (21,22),
those on their effects as tumor promoters have interesting features. As reported in Table 1, OA
and calyculin A have been shown to be as powerful as phorbol ester—type tumor promoters
(TPA) in the two-stage mouse skin carcinogenesis model (23,24,27). Furthermore, by develop-
ment of the two-stage approach, OA has been shown to be a tumor promoter in the glandular
stomach in rats (37). Still, some OA class compounds may not easily penetrate plasma membrane
in most cells, as in the case of microcystin and nodularin, which may require appropriate trans-
port systems to reach intracellular compartments (38). When this is possible, as in the liver,
protocols of two-stage carcinogenesis, involving diethylnitrosamine initiation followed by ad-
ministration of the tumor promoter, have resulted in an increased number of foci found to be
positive for a proper marker, such as the placental glutathione S-transferase, as compared to
controls (35,39). Interestingly, nodularin itself has been found to be a carcinogen (35).

The effects of OA class compounds as tumor promoters described in animal models of
two-stage carcinogenesis have been confirmed in in vitro cell culture systems (40,41). When
BALB/3T3 cells have been exposed to the initiator 3-methylcholanthrene for 72 h, subsequent
treatments for 2 weeks with low doses (10 ng/mL) of OA promoted cell transformation (40).
A 4-week exposure to such doses of OA, however, was found to be toxic to BALB/3T3 cells
(see Section III).

Table 1 Tumor-Promoting Activities of the Okadaic Acid Class Compared with Those
of TPA-Type Tumor Promoters

Amount of Maximal percentage  Average numbers
compound/application, of tumor-bearing of tumors/mouse
Promoter ng(nmole) mice in week 30
Okadaic acid 1.0 (1.2) 86.7 7.2
Dinophysistoxin-1 1.0 (1.2) 100.0 8.5
Calyculin A 1.0 (1.0) 93.3 43
TPA 25 4.1) 100.0 11.0
Teleocidin 2.5 (5.7) 100.0 4.0
Aplysiatoxin 2.5 (4.0 80.0 34

TPA, phorbol ester—type tumor promoters.
Source: Ref. 24.
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lll. EFFECTS OF OKADAIC ACID CLASS COMPOUNDS ON CELL

PROLIFERATION

The conclusion that OA class compounds behave as tumor promoters poses the general question
on the molecular mechanisms by which they enhance clonal expansion of initiated cells in terms
of a net increase in their proliferation rate as compared to normal cells (42,43). It then seems
relevant to analyze available information on the effects of OA class compounds on cell prolifera-
tion. Data are summarized in Table 2, where they have been organized according to the three

Table 2 Effects of DSP Toxins on Functional States of Cells in

Culture

Response/Cell line References

Proliferation
BALB/c3T3 40,41
Human T lymphocytes 44
ALVA-41 45
Syrian hamster embryo fibroblasts 46

Differentiation
NIH/3T3 47
BALB/c3T3 48
U937 49
Human breast cancer cells 50

Cell death*
AU-565 51
BALB/c3T3 (apoptosis) 40,41,52
BM 13674 (apoptosis) 53
Demel human melanoma 54
Primary human fibroblasts 55
Mouse fibroblasts (apoptosis) 56-59
Syrian hamster embryo fibroblasts (apoptosis) 46,60,61
GH; (apoptosis) 62,63
HeLa, HeLa S; (apoptosis) 64,94
Primary rat hepatocytes (apoptosis) 62
HL-60 (apoptosis) 65-67
K562 (apoptosis) 66-71
Primary mouse keratinocytes 72
T lymphoblasts 73
B lymphocytes 74,75
MB-231 (apoptosis) 51
MCEF-7 (apoptosis) 51,62,76,77
ML-1 (apoptosis) 78
Primary rat cerebellar neurons (apoptosis) 79
NIH/3T3 55,56
NRK-52.E rat kidney epithelium (apoptosis) 80,81
PC 12 82
Saos-2 and MG-63 human osteoblasts (apoptosis) 83
SK-N-SH (apoptosis) 62
U 937 (apoptosis) 49,65

“If individual cell lines have been shown to undergo apoptosis in at least one

report, this type of response has been specified in parentheses.

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INc. dﬂ
270 Madison Avenue, New York, New York 10016 0



262 RoOsSINI

functional states of cell proliferation, differentiation, and death. It should be also pointed out
that recorded responses have been primarily observed by the use of OA, but, in most cases,
they have been confirmed with other OA-type compounds, such as calyculin A (50,51,63,66,83)
and, in a few cases, microcystin (62).

At a first glance, it can be noted that few reports document proliferative responses of cells
in culture to OA treatment, including the original articles on the two-stage transformation of
BALB/c 3T3 cells (40,41), described in the previous section.

In the study by McClure et al. (44), T lymphocytes were treated with 1 nM OA during
the first hour of activation with concanavalin (ConA) and 10% fetal calf serum (FCS), the
medium was then replaced with fresh medium containing ConA + FCS but lacking OA, and
the incubation was continued for 3 days. When cell proliferation was measured by thymidine
uptake, it was found that OA treatment was associated with a 35% increase of response after
1 day. Although the increased response was still significant on the second day of treatment
(18%), it became insignificant on the last day of the experiment (44).

The experimental design of the investigation described in the second report is similar,
inasmuch as ALVA-41 human prostate cancer cells preloaded with sex hormone—binding globu-
lin (SHBG) were stimulated with androgen (1-100 nM 5o.-dihydrotestosterone, DHT) during
treatment with 50 nM OA (45). Under those experimental conditions of SHBG/DHT stimulation,
it was found that 1 day of treatment with OA markedly enhanced thymidine incorporation as
compared to control cells.

A major feature which distinguishes the article by Afshari and Barrett (46) from the previ-
ous ones, is the fact that the experimental conditions employed to evaluate the effect of OA
on proliferation of normal hamster and human fibroblasts did not involve any accompanying
proliferative stimulus. In this case, treatment of quiscent cells with 0.16 nM OA induced a
suboptimal, albeit measurable, proliferative response. Interestingly enough, the effects of OA
were dose dependent, and concentrations higher than 3 nM were found to be toxic (46). To the
best of our knowledge, this is the only study providing direct evidence of OA-induced enhance-
ment of cell proliferation in cultured cells and in the absence of costimulators or without pretreat-
ment with initiators.

As far as the efficacy of OA to induce cell differentiation, few reports are available in
which the issue has been directly evaluated. The capacity of OA to behave as a differentiating
agent has been originally shown by Sakai et al. (47). In that paper, the effect of OA was tested
on NIH/3T3 fibroblasts transformed by human activated raf, ras, and ret-II. Surprisingly, it was
found that OA inhibited the proliferation of transformants and induced their reversion to a more
differentiated phenotype characterized by flat morphology, contact inhibition, and increased
synthesis of fibronectin (47). Similar findings were later obtained by Gupta et al. when studying
the effect of OA on v-src—transformed BALB/c 3T3 cells (48).

In the human leukemia cell line U937, it was found that OA (50 ng/mL) treatment induced
increased expression of cell surface markers Leull and Mac-1 detectable on maturing granulo-
cytes and monocytes, leading to the conclusion that the toxin induced differentiation toward a
more mature cell type (49). In line with this report, Kharbands et al. (84) also showed differentia-
tion of U937 cells toward monocytes.

Treatment of human breast cancer cells with OA, in turn, induced their change to more
mature, milk-producing cells. In that case, nanomolar concentrations of OA (between 9 and 15
nM depending on the cell line) led to increased production of o-lactalbumin, B-casein, and lipid
droplets (50). Furthermore, it was shown that the effect was also induced by calyculin A and
an active OA derivative (dinophysistoxin-1, DTX) but not by an inactive metabolite (okadaic
acid tetramethyl ether, OATM) (50).
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Taken together, the previous findings document that OA class tumor promoters may be-
have as differentiating agents under defined experimental conditions and/or in some cell lines.
One aspect worth being pointed out is that the differentiative responses induced by OA were
accompanied by inhibition of cell proliferation (49,50). Although it can be argued that inhibition
of cell proliferation is a common feature of differentiating cells, it should be noted that OA
concentrations used in those studies were in the order of 103M. This fact suggests that toxic
effects of OA class compounds might have contributed to inhibition of proliferation accompa-
nying differentiative responses.

The overwhelming body of available evidence, in fact, leads to the conclusion that OA
at concentrations higher than 107°—107%M causes cell death (see Table 2). If the more potent
calyculin A compound is tested, the effects essentially coincide with those induced by OA, but
the concentrations needed to observe the phenomena are between 5- and 30-fold lower than
those of OA (51,63,66,83).

In most studies, the antiproliferative effect of OA class compounds has been directly
evaluated by measuring cell growth in the presence of the toxin, as exemplified by Figure 2,
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Figure 2 Effect of okadaic acid on proliferation of normal human fibroblasts. Cells in multiwell plates
were incubated with (solid circles) or without (void circles) 50 nM okadaic acid and the DNA content of
wells was determined at daily intervals.
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and the response usually becomes detectable by the second day of treatment. By using incubation
of cultured cells with tritiated thymidine instead, inhibitory responses on DNA synthesis are
readily detectable after 1 day of OA treatment (54,56,58,59,68), but earlier time points may
provide a clear indication of growth arrest, particularly in the case of experimental conditions
employing high concentrations (107*~10""M) of OA (62,64,73).

Figure 3 Effect of okadaic acid on morphology of normal human fibroblasts in culture. Phase contrast
microscopy (magnification 200X) of normal human fibroblasts after a 24-h treatment with vehicle (A) or
50 nM okadaic acid (B, C).
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Inspection of morphological characteristics of cells treated with OA class compounds may
also be used to evaluate the appearance of toxic effects in cultured cells. Changes may become
apparent within minutes or several hours, depending on the specific phenomenon and/or cell
type, are dose-dependent, and involve both nuclear and cytoplasmic structures, as well as extra-
cellular matrix components.

Gross changes in cell shape can be easily detected by inspection of culture vessels and
involve the appearance of protrusions of different shapes and blebs (47,62,68,81,85-87), loss
of cell-cell contacts (40,60,81,88), cell rounding (40,52,62,81,88-90), and cell detachment from
substratum (40,52,62,77,81,82,88-90). Some of these changes are shown in Figure 3B and 3C,
where normal human fibroblasts losing contact with the dish are rounded and highly refractile.
Detection of cell rounding and detachment also can be accompanied by the appearance of cell
flattening (47,60), with cells taking a fried egg—like shape (Fig. 3B and 3C), and it is not clear
whether differences in altered cell shapes (rounding vs flattening) represent steps of a single
process.

Nuclear structures are also affected by OA class compounds, as shown by detection of
fragmented and multilobed nuclei (49,51,62,65,66,69,76,81,91) containing condensed chromatin
(49,53,62,65,66,91-94).

Morphological analyses by electron microscopy reveal alterations involving different cel-
lular structures, such as loss of microvilli at the cell surface (85), aggregates of cytoplasmic
material (85), and segregation of organelles (62) without detection of gross changes in the case
of mitochondria (62). Extensive alterations of cytoskeletal networks are also detected after cell
treatment with OA class compounds in terms of destruction of microtubules (95,96), microfila-
ment reorganization (85), and altered intermediate filament networks (86,88,97—100).

Most of the components and most of the events which constitute the molecular basis of
these phenomena will be discussed in the next Sections IV and V where several aspects of
morphological changes induced by OA class compounds will be interpreted in terms of a pseu-
domitotic state. Membrane blebbing, cytoplasmic and nuclear fragmentation, and cell shrinkage,
however, are considered to be hallmarks of apoptosis (101,102), lending support to the notion
that OA class compounds induce this type of response in treated cells.

Indeed, the conclusion that OA class compounds induce apoptosis has greatly stimulated
the debate on the involvement of PPases in cell proliferation and apoptosis (20,22,103,104).
Interestingly enough, however, once the apoptotic response has been already set in motion by
different means, OA class compounds display antiapoptotic activity in several cell culture sys-
tems (53,54,78,93,105,106). Apparently, this antiapoptotic activity of OA class compounds
could not be related to individual responses, as in the aforementioned studies apoptosis had
been induced by as diverse agents as etoposide (78), y-radiation (53,92,93), bistratene A (53),
tetrandrine (53), cisplatin (53), heat (92), glucocorticoids (105), AraC (106), and VP-16 (106).

A final remark on the antiproliferative effects of OA class compounds is that available
data show that these toxins apparently affect any type of mammalian cell studied from primary
cultures to more aggressive tumor cells (see Table 2).

IV. PROXIMAL AND DISTAL MOLECULAR TARGETS OF OKADAIC ACID
CLASS COMPOUNDS

The variety and even contradictory features of the effects triggered by OA class compounds,
such as tumor promotion versus cell death or apoptotic versus antiapoptotic responses, underlie
the extreme complexity of molecular events playing some role in these processes.
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As the primary molecular targets of OA class compounds are PP1, PP2A, and related ser/
thr PPases, it seems reasonable to approach the analyses of molecular mechanisms set in motion
by DSP toxins in vivo by an evaluation of proteins whose phosphorylation state has been shown
to be affected in intact cells on treatment with OA and related compounds. Table 3 includes
some of these proteins, which have been arranged according to the major functional role they
are believed to play in the cell. This list is certainly incomplete, as it includes only those proteins
which are either directly or indirectly involved in mechanisms controlling normal and neoplastic
growth, as will be discussed below. A second limitation is due to the choice to restrict the list
to those proteins whose changes in the phosphorylation state induced by OA class compounds
have been directly observed. Furthermore, Table 3 does not include the many enzymes generally
involved in cellular metabolism whose activity is controlled by reversible phosphorylation and
is affected by OA class compounds (107,108), as they are not considered to play a primary role
in the control of cell proliferation.

The first group of proteins whose phosphorylation state is affected by OA class compounds
consists of protein kinases, and this could be expected because of the widespread occurrence
of phosphorylation cascades in mechanisms controlling cell functions. The two major forms of
MAPK, that is, p44 ERK1 and p42 ERK2, which are known to be dephosphorylated by PP2A
(46,75,109-115), are among them. Another protein kinase which is grouped with MAPKs, and
whose phosphorylation state is affected by cell treatment with OA class compounds, is p38

Table 3 Proteins Whose Phosphorylation
State Is Affected in Cells Treated with DSP
Toxins

Protein kinases

ERK1

ERK2

P3SMAPK

Rsk

Abl

Lck

Src

p34cd
Transcription factors and cofactors

TCF/Elk-1

SRF

Egr-1

c-Jun

CREB

ATF-1

Rb

p53

Steroid/thyroid hormone receptors
Cytoskeletal components

Vimentin

Cytokeratins
Miscellaneous components

Receptor of EGF

85-kD Phospholipase A,

Histones

cde25
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MAPK (111). Phosphorylation of this kinase is brought about by a phosphorylation cascade
which closely parallels that of ERKSs, although it might involve distinct kinases (13,15,118,119).
p90rsk, a ser/thr protein kinase activated by phosphorylation of thr residues catalyzed by ERKs
(13-15), is also stabilized in its phosphorylated forms by OA (109,111), and it represents one
of the kinases believed to play a role in phosphorylation and, hence, regulation of the activity
of nuclear proteins together with ERKs1 and 2.

The next three examples of protein kinases represent nonreceptor TKs regulated by both
ser/thr and tyr phosphorylations (73,90,120,121). The effects of OA may be summarized in
terms of stabilization of phosphorylated residues, but a careful consideration of data reveals
interesting features. In the case of c-Abl, for instance, increased ser phosphorylation is observed,
but this condition does not apparently affect TK activity of the protein (120). Instead the catalytic
activity of c-Src and Lck kinases is affected by OA, being stimulated in the former case (90)
and inhibited in the latter (73). The molecular basis of the inhibition of Lck is the stabilization
of phosphorylated serines induced by OA. A more complex picture is found in the case of c-
Src, as its enhanced activity was found to be due to increased dephosphorylation of a specific
tyr residue (90). The effect of OA, therefore, could be mechanistically reduced in its simplest
interpretation to stabilization of phosphorylated forms of some enzyme (either a TK or phospha-
tase) responsible for the control of tyr527 phosphorylation in c-Src (90).

An even more complex phenomenon appears to be responsible, in turn, for increased
phosphorylation of p34<, the catalytic component of a ser/thr protein kinase (histone 1 kinase,
HIK) and a member of the cyclin-dependent kinase (CDK) family, playing important roles in
cell cycle (reviewed in refs. 122—124). Three phosphorylated residues control the activity of
p34¢42 (123-124), including an activating phosphorylation of thr161 and two inactivating phos-
phorylations of thr14 and tyr15 of human cdc2 (Figure 4). Phosphorylation of thr161 is brought
about by a CDK-activating kinase (CAK), whereas those of thr14 and tyrl5 are catalyzed by
a dual-specificity protein kinase (Weel or some homologue). Dephosphorylation of thrl61 is
brought about by a ser/thr PPase (possibly PP2A), whereas thr14 and tyr15 are dephosphorylated
by the cdc25 dual-specificity phosphatase (125-128). A key aspect of this phenomenon is that
both Weel and cdc25 are controlled themselves by ser/thr phosphorylation in an opposite fash-
ion and consisting of inactive phosphorylated Weel and active cdc25. Hence, OA treatment of
several cells results in increased phosphorylation of thr161 of p34°? due to inhibition of its
dephosphorylation and decreased phosphorylation of thr14 and tyr15 as a consequence of stabili-
zation of phosphorylated, active, cdc25 phosphatase (128—131). The functional consequence,
as it will be discussed in Section V, is an enhanced activity of CD kinases.
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Figure 4 Molecular mechanisms involved in regulation of cyclin-dependent protein kinase activity.
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