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Preface

Special sessions on microscale aquatic toxicity testing were held during Canada’s 17th Annual
Aquatic Toxicity Workshop (ATW) in Vancouver in 1990, and at the 20th Annual ATW in Québec
City in 1993. They collectively identified the field’s recent developments and advances and relevant
applications for aquatic toxicology. The session chairs in 1993 decided that it was time to produce
a comprehensive book on the topic.

As a result, a collaboration began between Environment Canada, Fisheries and Oceans Canada,
and the publishers, CRC Press. Support for the production of this book was provided by Environ-
ment Canada (Centre St. Laurent, Québec Region; Environmental Conservation Branch, Atlantic
Region) and Fisheries and Oceans Canada (Green Plan Toxic Chemicals Program). Ms. Johanne
Gauthier was employed by Fisheries and Oceans as book coordinator, a position she filled very
capably and with patience and humor. Authors were chosen and work commenced, culminating in
another special session of the ATW in St. Andrews, N.B., in October 1995. Many of the talks given
at the ATW were based on draft chapters written for this book, enabling authors to meet one another
and the editors, discuss the subject thoroughly, and critique the chapters themselves. The submitted
chapters were each reviewed by two or more anonymous reviewers, and reviewed and edited by
one of the editors. The book comprises those chapters that survived this rigorous process and timely
revisions.

Hence, this volume is the outcome of several years of collaboration, and with the contributors
and reviewers, many careers of experience. It covers state-of-the-art knowledge generated in the
area of microscale testing in aquatic toxicology by the mid- to late 1990s. This unique set of
contributions contains over 40 chapters provided by internationally recognized scientists. The book
is organized to provide information on relevant principles, novel techniques, and their applications
to research scientists, environmental managers, academics, and the private sector. It is hoped that
it will stimulate much discussion and many new advances in what is proving to be one of the most
exciting and environmentally beneficial areas of aquatic toxicology. We also hope that the book
and its methods contribute to the broader goal of conserving and protecting our aquatic ecosystems
and their biota for future generations.

Peter G. Wells
Kenneth Lee
Christian Blaise

March 1997
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Foreword

Over the past few years, monitoring agencies have become increasingly aware that to analyze
environmental samples such as water, effluent, sediment, and other solid-phase samples for every
suspected chemical could be exorbitantly expensive with no assurance that the detection procedures
would be sensitive enough to reveal all of the potential “toxic chemicals.” Moreover, chemical
analyses alone cannot be used to predict joint toxicity (e.g., synergistic) responses and bioavail-
ability. Although sediments and water bodies may contain high concentrations of toxicants, the
phenomenon of toxicity or increased toxicity to organisms living in these environments may not
be observed. This is due in part to the dependence of bioavailability on the trophic position of an
organism, and of toxicity to benthic organisms on their relative sensitivity to interstitial and particle-
bound chemicals.

Our research, and that of many others, has clearly demonstrated that one of the most cost-
effective ways to address these problems is first to use various short-term, inexpensive bioassays
to screen the samples for indications of toxic, genotoxic, or chronic effects, then to prioritize the
samples or sampled areas for chemical analyses and/or more intensive studies. Application of such
bioassays to environmental samples soon reveals, not surprisingly, that there is no single test
(bioassay) which responds equally well to all toxicants or mixtures of toxicants, e.g., similar to the
analogy that there is no single antibiotic for all bacterial infections. Organisms and people are
similar in that they all have different resistances to toxicants, infections, and other form of stress.
This realization led to the concept of using several bioassays to assess environmental water quality
and the ecological impacts of effluents, discharges, and emissions on the total environment. This
soon became known as the “battery-of-tests” approach. Short-term bioassays, making up various
batteries, were often based on different trophic levels and included different biological endpoints,
such as acute toxicity, chronic toxicity, and genotoxicity/mutagenicity.

As these short-term screening bioassays were developed and perfected, it was found that they
could be used to assist chemists, engineers, and environmental protection specialists to target
specific point sources, in-plant toxic stream flows, and extraction fractions of various industrial
processes as sources of toxicants/genotoxicants and estrogenic chemicals. This broad application
could result in significant savings in analytical costs.

Short-term bioassays, in partnership with chemical, biogeochemical, and microbiological anal-
yses, are believed by many environmental scientists to be essential for providing appropriate
information to help pinpoint the exact causes of biological responses. We believe that the use of a
mixture of chemical/physical and biological measurements is essential for hazard assessment and
environmental quality control and monitoring.

Environmental chemical data and procedures have become well established over the years,
while bioassay procedures have only been used widely for the past two decades. As a result, bioassay
methods are still being developed globally, but often used only locally. Others are used almost
exclusively within a specific country. Because of this fragmentation of usage, it becomes essential
that workers in the field of environmental toxicological assessment have access to a comprehensive
reference to the bioassays presently being used internationally. This book contributes to filling this
need by providing an excellent overview of the bioassays which use smaller life forms, enzyme
systems, tissue cultures, and young life stages to estimate potential environmental hazards.

The editors of Microscale Testing in Aquatic Toxicology: Advances, Techniques, and Practice
have literally searched the world to produce this comprehensive resource book for microbioassay
techniques and applications. The microbioassay techniques are presented in several multi-sectioned
parts: Biochemical assays; Tissue culture assays; Bacteria; Algae and Microalgae; Protozoa; Inver-
tebrates; and Teleosts and Amphibians. The other chapters provide interesting and useful informa-
tion on historical perspectives of microscale toxicity testing, multitrophic level testing, validation
of results, bioassay selection for field studies, and “crystal ball” gazing into the future.



Within these chapters, workers in the field of ecotoxicology will find their own favorite tech-
niques as well as others which are new and may stimulate the reader to investigate their potential.
Many of the bioassays described are available commercially and are well standardized, e.g.,
Microtox®, Metpad®, Toxkits, and immunoassays, while the rest are laboratory based and well-
utilized. Thus, developing laboratories will find an excellent shopping basket of techniques which
can be applied to their specific budgets and problems.

This book is unequivocally recommended without bias for all laboratories, scientists, and
managers who are involved with environmental pollution, hazard assessment of toxic chemicals,
and the principles and practice of aquatic toxicology.

B.J. Dutka

Research Scientist

National Water Research Institute
Environment Canada

Burlington, Ontario, Canada
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CHAPTER 1

Microscale Testing in Aquatic Toxicology:
Introduction, Historical Perspective, and Context

Christian Blaise, Peter G. Wells, and Kenneth Lee

DOI: 10.1201/9780203747193-1
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I. INTRODUCTION

While this century’s industrial boom has unquestionably contributed countless chemical-derived
benefits for mankind, it has also created unwanted and, in some cases, extremely damaging pollution
problems at local, regional, and global levels. In response, the field of ecotoxicology has developed
enormously since the 1950s (Table 1.1).

Microscale testing in aquatic toxicology, the raison d’ étre of this book, is a rapidly-expanding
field involving numerous bioanalytical techniques developed and applied at subcellular to multi-
cellular levels of biological organization, in the laboratory or in situ. A small-scale test or any of
its synonyms (microbiotest, microbioassay, microscale test, microtest, second-generation biotest)
was recently defined as involving the exposure of a unicellular or small multicellular organism to
a liquid sample in order to measure a specific effect.! With advances in analytical techniques, our
view has expanded in that the field also includes subcellular tests involving enzymatic measure-
ments, as well as immunoassay and biosensor techniques. Furthermore, since recent microbiotests
(so-called sediment direct-contact tests) have been developed to assess the toxic potential of solid
matrices,?’ such tests now apply to both liquid and solid matrices.

The primary purpose of this book is to discuss the nature and role of microscale tests in the
broader field of aquatic toxicology,®® not to unnecessarily “invent” a new branch of aquatic
toxicology. However, the subject deserves separate attention. Microscale testing and microscale

0-8493-2626/5/98/$0.00+8.50 1
© 1998 by CRC Press LLC



2 MICROSCALE TESTING IN AQUATIC TOXICOLOGY: ADVANCES, TECHNIQUES, AND PRACTICE

Table 1.1 Some Highlights in the Evolution of Aquatic Toxicology in the 20th Century

Period Highlights
1950s and  Ecotoxicity problems stemming from the industrial revolution have appeared. However,
before environmental response is limited due to the lack of adequate assessment techniques and
strategies.
1960s Fish bioassays, in particular, confirm damage by industrial effluents and specific xenobiotics to
biota of receiving waters.
1970s Thanks in part to bioanalytical data and knowledge generated in the '60s, many industrialized

countries create environmental agencies. The emphasis is placed on “banning flagrant insults
to the environment.”

1980s Decade of “holistic thought” in which integrated biological/chemical ecotoxicological strategies
and hazard assessment schemes are employed. Tests at various levels of biological organization
are developed to address insidious (chronic) insults to the environment.

1990s Marked upsurge in the development and application of cost-effective microscale aquatic toxicity
tests. Because of their attractive characteristics (e.g., miniaturization, rapidity, automation
potential), they constitute useful tools for monitoring and improving environmental quality.

approaches at different levels of biological organization and with different phyla are an important
area of aquatic toxicology and hazard assessment. Recently, intense interest in the field has been
demonstrated by the increasing numbers of symposia and publications on the topic, the increased
acceptance of microscale tests by regulators, and the marked ongoing effervescence in experimental
and field-based microbiotest studies.

Dedicating a book to the subject of aquatic microscale tests is long overdue. We hope that
readers will sense the diversity of techniques, knowledge, and potential applications of this field
to the management of toxic substances in aquatic environments. Our goals in preparing this book
are therefore to: 1) advance knowledge in a bioanalytical sphere, and 2) promote microbiotests as
useful and practical diagnostic tools in aquatic toxicology and applied ecology.

Il. A BRIEF HISTORY OF MICROSCALE AQUATIC TOXICOLOGY

New areas of research generally have slow starts (a lag phase) followed by a period of rapid
growth (a logarithmic phase) when upsurging interest and needs draw in more and more research
groups. Microbiotesting is one such area in which modest beginnings have quickly expanded into
bustling and varied activities. The number and diversity of contributions to the present book certainly
offer undeniable evidence in this respect. The very first example of small-scale toxicity testing may
well go back as far as 1672 when “shiny meat” sections, colonized by luminescent bacteria, were
observed to rapidly lose light when rinsed in water containing various chemicals.!® Much later, but
prior to the concerted work which has ensued since the late 1970s, pioneering work provided some
procedures on small-scale approaches. Examples include work performed with bacteria (the devel-
opment of the Microtox® test system), daphnids!! (classic toxicity studies), culture of fish embryos
(see Chapter 33), and marine embryo and larval testing.

Fish and macroinvertebrate bioassays of the 1950s and 1960s were the forerunners of micro-
biotests.!>!3 They demonstrated the acute toxicity of chemicals and effluents, and often predicted
effects on receiving water biota and habitats. These “macrobiotests” have been used extensively
since that time, especially for screening chemicals and regulatory compliance monitoring, and have
proved crucial in heightening environmental awareness on the potential and real hazards of xeno-
biotics and point source discharges. Environmental agencies created in several industrialized coun-
tries in the 1970s (e.g., U.S. Environmental Protection Agency, Environment Canada, National
Swedish Environmental Protection Board) spent 10 to 15 years establishing basic guidelines and
regulations to control specific effluent/chemical discharges. International groups such as the Inter-
national Maritime Organization (London) endorsed the use of aquatic toxicity data for chemical
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evaluation control, under specific conditions. Using chemical characterizations and standard toxicity
tests with fish or macroinvertebrates, the agencies soon began to approve the application of com-
bined biological (detecting effects through bioassays) and chemical (cause identification of effects)
strategies to assess the hazards of industrial wastes to aquatic systems.!* A key OECD (Organization
for Economic Cooperation and Development) meeting in Duluth, Minnesota, in September 1984
gave crucial policy support to this approach.'* The general acceptance of toxicity test data, and of
the combined bioassay—chemical approach, proved important to the advancement and development
of new micro-bioanalytical tools in the years that followed.

Ensuring validation and standardization of bioassays can be a lengthy process demanding
sustained efforts on the part of individuals and organizations. Test development, internal verification
for reproducibility by the laboratory of origin, round robin exercises, building QA/QC into the
experimental protocol, as well as the approval and publication of a standardized operating procedure,
are necessary steps to final acceptance and recognition by the scientific community of a reliable
toxicity test. In this respect, the major role that standards organizations have played at regional,
national, and international levels is worthy of acknowledgment. Standard Methods for the Exami-
nation of Water and Wastewater (jointly published by the American Public Health Association,
American Water Works Association, and the Water Pollution Control Federation), for instance, first
incorporated a fish toxicity assay in its 11th (1960) edition and added additional toxicity tests in
its 14th (1976) edition. These initiatives eventually led to the standardization of several microbiotests
using (micro)organisms at various levels of biological organization. ISO (International Standards
Organization), ASTM (American Society for Testing and Materials), OECD (Organization for
Economic Cooperation and Development), DIN (Deutsches Institut Normen), and AFNOR (Asso-
ciation Francaise de Normalisation) are other examples of major (inter)national organizations which
have markedly contributed to the promotion of useful microbiotests.

lil. NEEDS FOR SMALL-SCALE APPROACHES IN AQUATIC TOXICOLOGY

The requirement for multitrophic and cost-effective toxicity tests has driven the evolution of
biotesting from the earlier exclusive use of macrobiotests to increased use of microbiotests. Toxicity
was soon found to be trophic level-specific and specifically affected by characteristics of chemicals,
endpoints, test exposures, and test matrices.®® Hence, it was realized that protection of aquatic
resources could not be ensured by conducting bioassays solely at the macro-organism (e.g., fish)
level of biological organization. Hence, microscale procedures involving bacterial, protozoan,
microalgal, and micro-invertebrate indicators, for example, began to appear frequently during the
1970s.15-1 Including an array of tests (often small-scale by design) in toxicity and impact assessment
studies would contribute more effectively to the protection of all trophic levels in an affected aquatic
system. Furthermore, since some microassays were carried out with early sensitive life stages,®%-2!
the possibility of correctly evaluating chemical hazards at their source and in receiving waters was
greatly enhanced.

The search for cost-effective and high performance tests was a second major factor that favored
the development and application of small-scale assay procedures. In an article stressing the urgent
need for cost-effective, high output environmental assessment, Cram?? wrote: “Productivity of
laboratories ... is critical for [any environmental agency] to meet its legislative responsibilities.
The backlog and cost of [environmental] programs alone in terms of analytical requirements is
staggering. Therefore, laboratory productivity has to continue to increase, turnaround time must
decrease, the cost per sample must decrease....” Because of the attractive features of microbiotests,’
investigators and applied ecotoxicologists can achieve increased bioanalytical throughput in their
laboratories. As a result, microbiotesting (ranging from bacterial assays to fish tissue tests) is now
contributing to more cost-efficient delivery of environmental programs and better levels of envi-
ronmental protection and conservation.
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Toxicity (pre)screening for an ever-increasing number of existing and new man-made chemicals
(e.g., over 2000 new chemicals submitted to U.S. EPA premanufacturing notification on an annual
basis) is one example of a pressing need which can only be addressed by employing cost-effective
multitrophic biotesting. To this day, the great majority of chemicals still lack toxicological infor-
mation which can only be realistically provided, in part, by applying relevant arrays of microbiotests.
This issue was clearly recognized in the 1980s by research groups who proposed the use of suites
of cost-effective bioassays within tiered or simultaneous hazard assessment schemes.?>?” Applying
comprehensive microbiotesting should ensure that problematic substances will not filter through a
“leaky sieve,” in terms of toxic assessment, with potential consequences for environmental or human
health. Use of small-scale tests for this purpose is expanding quickly.

IV. THE ERA OF SMALL-SCALE ECOTOXICOLOGY

The growth of ecotoxicology, a discipline of the aquatic sciences which essentially began in
the 1970s,2-3% was paralleled by equal growth of what can be termed “small-scale ecotoxicology.”
Indeed, the 1980s saw many advances in this field.?!*> Strengthened by an ever-increasing array
(in quantity and quality) of microtests, work during this decade demonstrated how conducting
environmental studies with suites of such tests could augment their cost-effectiveness and diagnostic
potential. Innovative applications using integrated ecotoxicological strategies offered fresh ways of
undertaking comprehensive toxicity evaluations of xenobiotics and varied environmental matrices
such as effluents, leachates, sediments, soils, and interstitial waters. Hazard assessment schemes,*3*
test battery approaches,?>-*¥® multitrophic assessments,** and multispecies evaluations*' included
some of the new concepts that microbiotests helped to inspire or contribute to.

Comparative testing, coupling microassays with ambient and community responses, also con-
firmed their capacity to predict potential hazards toward receiving-water biota.*>*¢ Again, the 1980s
witnessed the development of sensitive chronic microtoxicity procedures (algae: Blaise et al.,
1986%; freshwater micro-invertebrates: Mount and Norberg, 1984%; marine micro-invertebrates:
Persoone et al. 1984%0), as well as the introduction of commercialized microtoxicity test kits
(Artoxkit®7’; SOS Chromotest®8; Rotoxkit*®). Since 1983, a new scientific forum, the International
Symposium on Toxicity Assessment, has brought together scientists on a biennial basis (Burlington,
Canada, 1983; Banff, Canada, 1985; Valencia, Spain, 1987; Las Vegas, Nevada, 1989; Kurashiki,
Japan, 1991; Berlin, Germany, 1993; Santiago, Chile, 1995; Perth, Australia, 1997). This symposium
has greatly contributed to promoting the use of microbiotests and to improving environmental
protection by advancing toxicological understanding and knowledge. Likewise, the annual SETAC
(Society of Environmental Toxicology and Chemistry) meetings are fertile grounds for the presen-
tation and discussion of new toxicity concepts and data.

V. MICROBIOTESTING IN THE 1990s

Small-scale testing continues to expand on various fronts during this decade. The high demand
for simple, rapid, and practical microtoxicological procedures has successfully created a “testing
industry” built around an increasing number of commercially available bioanalytical products (e.g.,
cyst-based TOXKITs: Bio-International, The Netherlands; Mutatox® and Chronic Microtox® tests:
AZUR Environmental Inc., USA; MetPlate®, a metal-detection test: Group 206 Technologies, Inc.,
USA; direct-contact Toxi-Chromotest® for solid matrix assessment: EBPI-Beak, Canada; bacterial
stress gene assays for rapid cytotoxic and genotoxic screening: Xenometrix, USA). Development
of new products is a continuous activity and many more commercial initiatives are expected before
the end of the century.
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Table 1.2 Rising Interest in Microscale Testing Applications Represented
by Time-Related Publication Numbers for a) Microtox®/Mutatox®
Technology and b) Toxkit Technology

Bioassay Technology 1979-83 1984-89 1990-95 Total Publications
a) Microtox/Mutatox 29 201 279 507

Bioassay Technology 1984-88 1989-92 1993-96 Total Publications
b) Toxkits 3 16 36 55

a) Time-related publications adapted from data (numerical bibliography index, Jan-
uary 14, 1997) provided by AZUR Environmental, CA, U.S.A.

b) Time-related publications adapted from data provided by the Laboratory for Bio-
logical Research in Environmental Pollution, State University of Ghent, Beigium.

Scientific progress in fields such as molecular biology, genetics, and biotechnology, coupled
with new instrumental technologies, is quickly giving rise to a new generation of microbiotests.
Luciferase gene fusions (see Chapter 11) or inclusion of promoter/reporter gene constructs (see
Chapter 12) in Escherichia coli, allowing for rapid (<2 h) and sensitive detection of specific classes
of bioavailable xenobiotics, are examples of recently developed microtests that have the potential
to revolutionize the bioanalytical world.

New knowledge and technology also enable modernization and automation of bioanalytical
procedures, thereby conferring better cost-efficiency and analytical throughput to previously devel-
oped microbiotests (e.g., microplate-based Ames test with luminescent Salmonella typhimurium®;
post-exposure automation of microplate-based phytotoxicity tests’5%; robotic initiation of SOS
Chromotest®?). An increasing frequency of publications is a useful index of the growing popularity
of microbiotests, particularly during the 1990s. As an example, Table 1.2 confirms this wave of
support for the Microtox/Mutatox tests and for cyst-based TOXKITs. Time-related microplate-
based phytotoxicity publications also display similar trends (see Figure 18.1 in Chapter 18).

Proliferation of microbiotesting activities in the 1990s has contributed markedly to the devel-
opment and application of a myriad of alternative techniques giving diagnostic information com-
mensurate with that of more costly and older traditional tests. Immunoassays now provide cost-
efficient quantitative detection of an ever-increasing number of toxic compounds (see Chapter 2).
Again, rapid toxicity procedures conducted at the subcellular level with enzymes offer useful
prescreening that may compete well with established microbiotests (see Chapter 5). Cell cultures,
fish cell lines in particular, are becoming more frequently employed as surrogates to whole-animal
testing to measure toxicity of aquatic pollutants with relevant (sub)lethal endpoints®*> (also
Chapters 4 and 7). The recent creation of ECVAM (European Centre for the Validation of Alternative
Methods) by the Commission of European Communities is a clear indication of the importance
that international bodies are now attaching to the validation and use of alternative methods in
toxicology and of the key role that microbiotests can play in this respect.>

Other contemporary activities include the tremendous proliferation of approaches with gametes,
embryos, and larvae of marine invertebrates, due to their culturability, economic value, ecological
value (marine biodiversity as shown by having 43 of 57 phyla in marine systems), and their generally
greater sensitivity compared to adult organisms and teleosts. For example, model organisms such
as sea urchin embryos and crustacean larvae have found new uses (e.g., hazard assessment of
mixtures). Many laboratories and regulatory agencies, including the PARCOM (Paris) Commission,
ICES (International Council for the Exploration of the Sea), IOC (Intergovernmental Oceanographic
Commission), and IMO (International Maritime Organization), that have responsibilities for chem-
ical safety, spill response, and ocean health indicators, have accepted their role. Standards organi-
zations such as ASTM (American Society for Testing and Materials) and ISO (International
Standards Organization) have protocols for many of these tests, and interest is growing in continuing
this trend. Recently, early life stage assays with amphibian larvae have been developed as relevant
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test systems to assess the genotoxic potential of aqueous samples, enabled by post-exposure
enumeration of erythrocytes displaying micronuclei (see Chapter 35). This and other cellular end-
points measured in higher organisms are proving increasingly useful in investigating toxicity issues
with both field and laboratory approaches.>’-¢

With the recognition of the ecological significance of microorganisms in the marine environment
based on the development of new analytical procedures to measure their activity, there has been a
corresponding expansion in the development of microbial biotests in the '90s (note Chapters 9
through 23 on bacteria, microalgae, and protozoa). Many of these tests can be developed into kits
that will support automated procedure developments. To improve site-specific relevance, microbial
biotests based on the activity of indigenous microbiota from the area of concern are now under
development and evaluation (see Chapter 15).

Prospects for microbiotests appear very promising. There are clear indications that some micro-
biotests will become desirable adjuncts or even alternatives to a chemical-specific approach for
assessing the quality of various environmental matrices (e.g., effluents, sediments) and be incor-
porated into regulatory standards. Additionally, selected microscale tests are starting to replace
more traditional higher organism bioassays and play a more important role, within hazard assess-
ment schemes, for the overall protection of the aquatic environment.

VI. THE BOOK: CONTENTS, ORGANIZATION, AND CONTRIBUTORS

This volume is organized to reflect advances in microscale toxicity procedures across different
levels of biological organization, different phyla, and activities of a directly practical bent (validation,
applications, and training). Each chapter reviews the context, specific methodologies, and the devel-
opment and use of specific types of small-scale assays. The contributors are from eight countries,
largely North America and Europe, and are recognized experts in their particular disciplines.

The book attempts to be comprehensive and to acknowledge the large number of scientists
making significant contributions in this area of aquatic toxicology. Indeed, some specialists who
wished to contribute did not do so because of the pressure of other commitments. Hence, the reader
will note gaps, and perhaps this will stimulate periodic treatises on microscale testing, which would
be a signal that the book and the efforts of all of the contributors have been successful. If these
initiatives together lead to cleaner environments for future generations and for our fellow creatures,
we can judge our collective efforts worthwhile.
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I. INTRODUCTION

Contaminants play an important role in the aquatic environment if they interfere with the
ecosystem and endanger aquatic resources, such as drinking water. Several sources such as industry,
urban wastewater plants, and agriculture contribute to the pollution of water bodies with a broad
range of toxic substances. These consist of organic and inorganic contaminants, e.g., pesticides and
heavy metals. The compounds can directly reach the surface water by drainage or erosion. Con-
taminants may also be transferred to the atmosphere, e.g., by evaporation during or after the
application of pesticides.! They can be transported over long distances via the atmosphere, as in
the case of the well-known pesticide DDT,? and may then be disposed by rainwater.> Water-soluble
contaminants can leach from the soil to the ground water. Substances which are drained into water
can be adsorbed to plants, animals, sediment, and organic matter,* or taken up by aquatic organisms.’
In some cases, covalent bonds may also be formed with humic substances dissolved in the water.

0-8493-2626/5/98/$0.00+8.50 13
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These residues are not available and effective for the ecosystem, but they can be released when
organisms die or when the environmental conditions, e.g., pH or temperature, change. Stable
compounds concentrate in the food chain, which leads to the bioaccumulation of certain contam-
inants.” The occurrence of several contaminants in the water may lead to increased stability of
some compounds by the change of physicochemical parameters. This can lead to prolonged effects
of a certain substance.?

Therefore it is necessary to monitor for the presence of pollutants in aquatic systems. This
especially holds true for drinking water. The European Union drinking water regulation limits the
residue concentration for pesticides and toxic metabolites in drinking water to 0.1 ug/L for a single
substance and to 0.5 ug/L for the sum of all pesticides and their major metabolites. Presently, there
are no governmental regulations or limitations for the concentration of contaminants in water bodies
besides the drinking water regulations. But it is obvious that the maintenance of intact aquatic
ecosystems and drinking water of high quality is not possible without monitoring the water bodies.
Analytical techniques are required for single harmful substances and for groups of contaminants.
This monitoring can be carried out by conventional analytical methods like GC, GC/MS, or HPLC.
Electrophoretic methods such as isotachophoresis and capillary electrophoresis are also gaining
importance. However, large-scale screening requires simpler and less expensive approaches. For
this purpose, immunochemical methods are valuable supplements. They were originally developed
in the medical field by Yalow and Berson for the quantification of insulin in serum.’ Since then
they have obtained broad application in medical diagnostics, especially in bacteriology, virology,
or endocrinology. During the last 10 years immunochemical methods have become increasingly
important for environmental analysis. They are used for the detection of pesticides and related
contaminants in water, soil, food, and body fluids.'%-'

Immunoassays (IA) offer distinct advantages for the detection of pollutants in the aquatic
environment. Aquatic samples can usually be analyzed without clean-up procedures or solvent
extraction, and the analytes can be detected at very low concentrations even in low sample volumes.
Many samples can be analyzed in a short period of time. Conventional methods, such as GC or
GC/MS, are expensive, time-consuming, and require a well-equipped laboratory. Compared to this,
IA are cost-effective, easy to handle, and only need simple laboratory equipment such as balance,
pipette, photometer, or reflectometer. Ready-to-use test kits offer the possibility to carry out on-
site analyses.

Il. IMMUNOCHEMICAL ANALYSIS
A. Antibody Production

Immunochemical analysis is based upon the specific reaction between an antibody and its
corresponding antigen or hapten. Antibodies are part of the vertebrate defense system. They are
serum glycoproteins of the immunoglobulin (Ig) class produced by the immune system against
foreign material such as pathogens or xenobiotics and bind the target substance with high selectivity
and affinity. Although there are five distinct classes of antibodies in most higher mammals, most
immunoassays rely upon IgG as the major immunoglobulin. Antibodies may be raised against
defined substances, even against low-molecular-mass pesticides if those are coupled to an immu-
nogenic carrier, such as bovine serum albumin, before immunization.'"'® Antibody production is
conveniently carried out in warm-blooded animals, e.g., rabbits, sheep, or mice,'® by immunization
with suitable antigens. Polyclonal antibodies are obtained from the serum and comprise a mixture
of different antibody populations. Monoclonal antibodies consist of a single monospecific antibody
population. These antibodies are produced in cell culture by a single hybridoma cell line after the
fusion of B-lymphocytes with myeloma cells. The hybridoma technology was introduced by Kohler
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Figure 2.1 Basic principles of immunoassays

and Milstein.?’ Major progress is expected from recombinant techniques, i.e., the cloning of
immunoglobulin genes into bacterial expression systems.”!

B. Basic Principles of Inmunoassays

IA presently belong to the most common methodology in the field of immunoanalysis. The
principle is based upon the measurement of antibody binding site occupancy by the analyte
(Figure 2.1). This reflects the analyte concentration in the sample. Since the binding reaction does
not produce a signal that can be detected by simple means, various markers, e.g., radioactivity,
enzymes, or fluorescence, are employed for the detection of the immunoreaction. Depending on
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the label, the assays are classified as radio immunoassay (RIA), enzyme-linked immunosorbent
assay (ELISA) or enzyme immunoassay (EIA), fluorescence immunoassay (FIA), or polarization
fluoroimmunoassay (PFIA). The most common methods in environmental immunoanalysis are
ELISA and EIA. They are often carried out in a polystyrene 96-well microtiter plate, but other
solid phases such as test tubes or membranes are available. The test can be performed as a
homogeneous assay without separation of the reactants,?” but more common are heterogeneous
tests where unreacted reagents are removed before evaluation. The two basic approaches are
competitive and noncompetitive assays. Noncompetitive assays can only be applied for high-
molecular-mass analytes with more than one antigenic determinant (i.e., antigens) or low-molecular-
mass analytes (haptens) bound to a solid phase, exposing the antigenic determinant (Figure 2.1(2)).
They work using an antibody excess. For low-molecular-mass analytes (haptens) in solution,
competitive tests have to be employed (Figure 2.1(3)), using limiting antibody concentrations. Two
different formats are available, the direct and the indirect. In a direct test, the antibodies are bound
to the solid phase. The analyte and a labeled analyte (tracer) compete for the free antibody binding
sites. After removal of unbound reactants, the bound tracer yields a signal that is inversely propor-
tional to the analyte concentration. The indirect test format employs an immobilized hapten-carrier-
conjugate on the solid phase to which analyte and antibody are added. The antibody binds to the
free analyte or to the immobilized hapten according to the concentration of the reactants. If a
labeled antibody is used, the amount of antibody bound to the solid phase can be directly determined
after a washing step. Alternatively, a secondary labeled antibody may be used to detect the antibodies
which have bound to the solid phase. The signal is inversely proportional to the amount of free
analyte in the solution. Very sensitive competitive immunoassays have been developed with detec-
tion limits between 1 and 50 ng/L, for example for the triazine and urea herbicides.?*?

Another solid-phase support for IA are membranes. They can be used for dipsticks, which are
incubated for a short time in the solutions,? or for dot-blots and immunofiltration tests. Here the
reactants are filtered through the membrane.?’?® The test principle is the same as for the microtiter
plate tests, but the reaction time is much shorter because of the high surface area of the membrane
and the short distance between reaction partners. Application of remission measurements yields a
proportional relationship between analyte and remitted light. By using a pocket reflectometer, this
setup is ideally suited for field-monitoring purposes.’

Column chromatographic methods like Abicap (antibody immuno column for analytical pro-
cesses) provide the opportunity to couple antibodies or haptens to a gel.?® The immunoreaction
takes place while the sample and other reagents pass the column in a very short time. Immunolo-
calization tests offer the possibility to detect contaminants in situ, such as soil or plant material 303!
Immunosensors combine the immunochemical detection with a transducer in order to produce a
signal. The transducers can be electrochemical, optical, or gravimetric devices. The measurement
of the antibody reaction is carried out by analytical instruments.323

C. Application of Inmunoassays

So far, IA for approximately 100 pesticides and other compounds of environmental concern
have been published. Most of them are suitable for detection of relevant concentrations of these
substances in the environment. A list of the IA with information on the test format, antibody sources,
test range or detection limit, and references is available from the authors. IA are commercially
available for a broad range of compounds (Table 2.1). Usually a competitive EIA in the direct
format is used, but they differ in their embodiments. The Rapid Assay kits (Ohmicron), for example,
are based on antibody-coated magnetizable particles, and the separation step is carried out with a
strong magnet. Most other commercial kits use antibody-coated microtiter plates or tubes. Emphasis
has also been placed on providing field-portable immunoassay kits, packaging antibodies, reagents,
standards, and substrates in field portable units that are ready to use.?*
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Table 2.1 Commercial Inmunoassays for Pesticides and Industrial Contaminants

Detection Limit (D.L.)/

Compound Measuring Range Manufacturer
Herbicides
Alachlor 0.1—4 ppb Strategic Diagnostics (P)
0.1-2.5 ppb Millipore (P, T)
0.05-5 ppb Ohmicron (T)
Atrazine (Triazines) 0.02-2 ppb Strategic Diagnostics (P)
0.025-0.5 ppb Millipore (P, T)
0.015-1 ppb Ohmicron (T)
0.01-0.81 ppb R-Biopharm (P)
0.01-0.5 ppb Riede! de Haen (P)
0.05-2 ppb Transia (T)
Chiorsulfuron 0.04-0.8 ppb Millipore (P)
Cyanazine 0.04-3 ppb Ohmicron (T)
2,4-D 0.5-100 ppb Millipore (P, T)
0.7-50 ppb Ohmicron (T)
Imazapyr 0.3-30 ppb Millipore (P)
Imazaquin 1-80 ppb Strategic Diagnostics (P)
Isoproturon 0.05-0.5 ppb Ohmicron (T)
0.05-0.5 ppb Millipore (P)
Metolachlor 0.1—4 ppb Strategic Diagnostics (P)
0.1-3 ppb Millipore (P)
0.05-5 ppb Ohmicron (T)
Metribuzin 0.1-3 ppb Ohmicron (T)
Metsulfuron 0.025-0.5 ppb Millipore (P)
Paraquat 0.025-0.2 ppb Millipore (P)
0.020-0.5 ppb Ohmicron (T)
Triasulfuron 0.05-1 ppb Millipore (P)
2,45T 1.4-250 ppb Ohmicron (T)
Triclopyr 0.03-3 ppb Ohmicron (T)
Trifluralin 1-40 ppb Strategic Diagnostics (P)
Urea Herbicides 0.05-2 ppb Millipore (P)
Insecticides
Aldicarb 1-20 ppb Millipore (P, T)
0.25-100 ppb Ohmicron (T)
Bioresmethrin 0.1-2 ppm Millipore (P)
Carbaryl 0.25-5 ppb Ohmicron (T)
Carbofuran 0.06-5 ppb Ohmicron (T)
Chlordane 0.05-500 ppb Millipore (T)*
Chlorpyrifos 0.1-3 ppb Ohmicron (T)
Chlorpyrifos-ethyl 0.1-1 ppb Millipore (P)
Chlorpyrifos-methyl 0.5-5 ppm Millipore (P, T)*
Cyclodienes 5-20 ppb Millipore (P, T)
0.6-26.6 ppb Ohmicron (T)
DDT 0.04 ppm D.L. Millipore (T)*
Diazinon 30-500 ppt Millipore (P)
Fenitrothion 0.5-10 ppm Millipore (P, T)
Lindane and BHC 1 ppm D.L. Millipore (T)*
Methomyl 0.45-15 ppb Ohmicron (T)
Methoprene 3 ppm D.L. Millipore (T)*
Nicotine 10-1000 ppb Millipore (P)*
Parathion 0.04-0.4 ppb Millipore (P)
Pentachlorophenol 0.5 ppm D.L. Drager (T)*
5 ppb D.L. Strategic Diagnostics (P)
5 ppb D.L. Millipore (T)
0.06-10 ppb Ohmicron (T)

17
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Table 2.1 (continued) Commercial Inmunoassays for Pesticides
- and Industrial Contaminants

Detection Limit (D.L.)/

Compound Measuring Range Manufacturer
Pirimiphos-Methyl 0.05-5 ppm Millipore (P)*
Trichloropyridinol 0.25-6 ppb Ohmicron (T)
Fungicides
Benomyl (Carbendazim, MBC) 0.05-1.6 ppb Strategic Diagnostics (P)
0.4-10 ppb Millipore (P, T)
0.1-5 ppb Ohmicron (T)
Captan 0.01-3 ppm Ohmicron (T)
Carbofuran 0.1 ppb D.L. Millipore (T)
0.06-5 ppb Ohmicron (T)
Chlorothalonil 0.5-50 ppb Strategic Diagnostics (P)
0.07-5 ppb Ohmicron (T)
Metalaxyl 0.1-25 ppb Millipore (P)
Procymidone 2 ppb D.L. Millipore (T)*
0.8-100 ppb Ohmicron (T)
Toxaphene 0.2 ppm D.L. Millipore (T)*
Industrial Contaminants
Benzene 5 ppb D.L. Strategic Diagnostics (T)
Total BTEX (Xylene, Benzene, 0.6—10 ppm Merck (M)
Naphthalene etc.) 0.1 ppm D.L. Millipore (T)
0.02-3 ppm Ohmicron (T)
Dioxin (2,3,7,8-TCDD) ppt range Strategic Diagnostics (T)*
Gasoline 165 ppb D.L. Strategic Diagnostics (T)
Hydrocarbons 10 ppm Drager (T)*
PAHs (Phenanthrene) 1 ppm D.L. Strategic Diagnostics (P)*
0.2 ppm Millipore (T)*
0.93-67 ppb Ohmicron (T)
PAHs (Benzo[a]pyrene) 0.08-10 ppb Ohmicron (T)
PCB (Aroclor 1254, 1260 etc.) 1 ppm D.L. Dréger (T)*
0.4 ppm D.L. Strategic Diagnostics (P)*
0.5-50 ppm Merck (M)*
1 ppm D.L. Millipore (T)*
0.2-10 ppb Ohmicron (T)
TNT 0.7 ppm D.L Strategic Diagnostics (P)
5-45 ppb Merck (M)
0.5-50 ppb Millipore (P)
0.07-5 ppb Ohmicron (T)
0.03-30 ppb R-Biopharm (P)
Mercury 0.25 ppb D.L. Strategic Diagnostics (T)

Note: P = Plate kit, T = Tube kit, M = Membrane Kkit.

Immunoassay manufacturers (more suppliers can be found in van Emon and Gerlach®):

Drager AG, Moislinger Allee 53-55, D-23542 Libeck, Germany
Strategic Diagnostics Inc., 128 Sandy Dr., Newark, DE 19713, USA
Merck, Frankfurter StraBe 250, D-64271 Darmstadt, Germany
Millipore Corporation, 50 Ashbury Road, Bedford, MA 01730, USA
Ohmicron Corporation, 375 Pheasant Run, Newton, PA 18940, USA
R-Biopharm GmbH, RésslerstaBe 94, D-64293 Darmstadt, Germany
Riedel-de Haén AG, Wunstorfer StraBe 40, D-30926 Seelze, Germany
Transia GmbH, DieselstraBe 20A, D-61239 Ober-Mérlen, Germany

* Test kits have been developed for matrices other than water, e.g., soil, grain, tobacco, and

wine.
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D. Quality Control of Immunoassays

Precision and accuracy of IAs are important properties which deserve special attention. The
quality and stability of the employed material, like microtiter plates, pipettes, and reagents, e.g.,
antibodies, enzyme tracer, or buffers, play a crucial role.!® Microtiter plates from the same lot
should be used; accurate pipettes are essential; and a proper protocol has to be supplied. The long-
term stability of reagents has to be ensured, e.g., by freeze-drying antibodies and, if necessary,
adding stabilizing components to the test reagents. Correct preparation of the buffers and proper
storage are mandatory. As most tests are carried out at 20 to 25°C, it is important to allow adequate
time for reagents stored in the refrigerator to reach ambient temperature. If sequential pipetting
steps are used, one should be aware of possible timing differences between the start of the
immunoreaction with the first and the last sample. To minimize a “drift,” rapid reagent addition
and an exact timing of reagent addition is necessary. The other approach is to use longer incubation
times to minimize the impact of variation. Sometimes decreasing absorbencies of EIA are observed
in the course of time. In many cases this is due to activity loss of the enzyme tracer, e.g., by
microbial degradation or inactivation by high temperatures, especially during the summer months.
Then, a new batch of enzyme tracer should be used, as sufficiently high absorbencies (>0.8) are
necessary to calculate sample concentrations. Addition of stabilizing compounds to the enzyme
tracer greatly reduces the risk of inactivation.? Also deteriorating substrate or chromogen solutions
may be responsible for decreasing absorbencies. The quality of the water used to prepare standard
and buffer solutions is also very important. It should be of highest purity. Problems with contam-
inated water may occur, especially during the summer months in areas with heavy pesticide
application.

In spite of the simple handling of the assays, expert knowledge is required, especially to
recognize and remove incident errors. Therefore, immunoassays should be performed by trained
personnel. The development of simple and rapid assays, e.g., dipstick assays, immunofiltration
tests,!>26.28 reduces the requirement for trained users, but one has still to be aware of potential
problems such as interferences from the sample matrix.

The investigation of the variation of an IA also gives valuable information about the consistency
of the test. Coefficients of variation (CV) of IA measurements are usually between 10 and 20%
(see references 36 and 37) for an optimized assay, although more precise results can be obtained.**
Usually standards show lower CV of 2 to 10%, while samples from sources with more complex
matrices, such as rain or surface water, exhibit higher CV, sometimes up to 20 to 30%.%%4! Same-
day and day-to-day CV of samples containing different matrices should be determined.?” Dankwardt
et al.*? carried out reproducibility studies for a rainwater monitoring program. For the same-day
reproducibility, samples were measured on five plates on the same day; for day-to-day reproduc-
ibility, the same samples were investigated on five different days. Usually, the same-day reproduc-
ibility was higher, showing CV mostly <10%, while for day-to-day reproducibility CV were up to
13%. Interlaboratory tests of the same immunoassay as it was carried out by Hock and the
Immunoassay Study Group*® for the standardization of triazine immunoassays help to evaluate the
general applicability of a test. However, several conditions, like exact description of the assay
including calibration curves, detection limits, cross-reactivities, a working range close to the middle
of the test, enough parallel measurements, etc., must be met (see also AOAC criteria). Recently, a
prenorm has been established for a standardized procedure for immunoassays in water in Germany.*

A validation of the results obtained by EIA should be carried out using statistical evaluation.
To a limited extent this can be done by IA itself. Dilution of the samples as well as spiking of the
authentic sample with known amounts of the contaminant can be used to check whether the matrix
interferes with the IA.* However, spiked samples do not completely mimic real unknown samples.
They do not contain potential metabolites of the contaminant nor residues from other compounds
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that may be present in real samples. Therefore, an IA should also be validated by a different
established method like HPLC, GC, or GC/MS. During the last few years many groups have used
this approach and usually obtained correlation coefficients of >0.9.90424647 Often a slight overesti-
mation of the immunoassay in comparison with HPLC or GC is observed due to cross-reactivities
of the antibody or matrix effects.

E. Cross-Reactivity

Depending on the conjugate used for immunization and the class of chemicals under investi-
gation, cross-reactivities of the antibodies with haptens similar to the analyte are frequently observed
(see references 18 and 48). Therefore, it should be checked which compounds cross-react to which
degree with the antibody. This is usually done by comparing the standard curves of the analyte
under investigation with similar haptens, using the analyte concentrations at 50% of the inhibition
curve as the reference.!’®* However, cross-reactivities may be different at the beginning or the end
of the inhibition curve. This should be taken into account if concentrations close to the detection
limit are determined.

The strong cross-reactivity of an alachlor antibody to the sulfonic acid metabolite, for example,
produced frequently false positive values using an alachlor screening kit.** This problem could be
solved, however, by using solid-phase extraction (SPE) prior to immunoassay and sequential elution
of the two compounds with different organic solvents.

If an antibody is selective for a single compound, it is regarded as monospecific.’® An antibody
that recognizes several compounds to the same extent, e.g., a group of s-triazines, can be used for
the screening of a class of herbicides (group specific antibody).’! If cross-reacting compounds are
not expected in the samples because the compounds are not licensed, e.g., propazine in most
European countries, a group-specific antibody can also be used for quantitative measurements of
one compound.*!

F. Matrix Effects

Natural water samples can contain compounds in addition to the target analyte that may interfere
with the test. These may be, for example, ions or humic substances. Especially water samples from
forest stands, bog water, or soil water contain a high content of organic compounds such as humic
and fulvic acids which are responsible for the yellow color of some samples. Ruppert et al.
investigated the influence of ions on an EIA for triazine herbicides and observed an inhibition by
several anions like azide, which inhibits the peroxidase by binding to the heme group of the enzyme.
Most cations did not have an effect, except for Ca?*, which led to an activation of the peroxidase.
Some problems with interfering ions reacting with buffer components and thus leading to precip-
itates can be solved by changing the buffer of the assay system so that no precipitation occurs.’
While ions may inhibit the enzyme used as a label or react with the buffer components, humic
substances may bind nonspecifically to the antibody and thereby interfere with the specific binding
of the analyte. These reactions usually lead to false-positive results. The addition of fulvic acids
from soil water to atrazine standard solutions reduced the absorbencies of an EIA by about one
fourth.> Therefore, an assay should be checked for its sensitivity to these substances. Matrix effects
may also be detected by diluting the samples or spiking the samples with the analyte. If humic
substances are present, low recoveries of the added pesticide may be observed. Matrix effects can
be reduced by dilution of the sample if the concentrations of the analytes are high enough. Also,
validation of the sample concentrations by other methods, such as HPLC and GC, should be carried
out. Addition of bovine serum albumin to the plates prior to the addition of the standard and sample
solutions®* or to the enzyme tracer®® greatly reduced the influence of humic and fulvic acids on the
EIA. It may also be helpful to switch to a different batch of antibodies or a different assay Kkit,
because different antibodies may show different sensitivities to humic substances. The buffering
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capacity of the assay buffer should also be checked, as some water samples, e.g., rain water from
forest stands, may show relatively low pH values. No effects were observed between pH of 3 to
10 by different investigators.?3:35

Although water samples are usually directly investigated by IA, sometimes an extraction step
with organic solvent is necessary.*’ IA are to a certain degree tolerant of a variety of solvents, but
each system must be tested to determine which and how much solvent can be tolerated. Nugent®
found 10% propanol to work best in an IA for chlorpyrifos. An IA using monoclonal antibodies
against s-triazines tolerated up to 10% methanol.”” Recently, an IA for parathion was developed,
in which the analyte dissolved in hexane could be measured directly in the IA without prior removal
of the hexane by using antibodies encapsulated in reverse micelles composed of Aerosol T with
aqueous centers.® However, a 10*-fold decrease in sensitivity was observed.

G. Immunoanalysis of Natural Water Samples

IAs have been used intensively for the determination of pesticides and other environmental
contaminants in rainwater (see references 42, 59, and 60), surface water (see references 40, 49, 61
through 67), and ground water (see references 46, 49, 61, 68, and 69). Selected examples are
described below.

A substantial part of these studies was carried out for triazine herbicides, 0424659646669 Thjg
illustrates the widespread occurrence of these herbicides. Furthermore, atrazine is used as a model
substance for pesticides in the environment, because much information is available on its behavior
and persistence. Procedures for immunoconjugate synthesis and antibody production are known,
facilitating the development of new assay systems or the introduction of new immunochemical
techniques such as immunosensors. Methods for validation of the assays are available. It can be
expected that in the coming years publications on the investigation of other pesticides and envi-
ronmental contaminants by IA will increase.

Many investigators have used commercial test kits, which allow the investigation of samples
without time-consuming antibody production. Thurman et al.,* for example, used a Res-I-Mune
kit (ImmunoSystems) for the investigation of triazines in surface and ground water. The EIA was
compared to GC/MS results obtained from samples that were extracted by SPE. Correlation
coefficients between 0.91 and 0.95 were observed after introducing cross-reactivity factors for each
of the herbicides in order to calculate a sum parameter for the GC. The majority of the samples
contained only atrazine (up to 3 ug/L), and the EIA results corresponded well with the atrazine
concentrations obtained by GC/MS.

Very high concentrations of triazines of up to 12.7 mg/L were found by Bushway et al.,** who
investigated water samples from the former Czechoslovakia with a commercial test kit (Immuno-
Systems). A close agreement of EIA and HPLC results with a coefficient of correlation of 0.99
was found, with a slight overestimation by the EIA, which was due to cross-reactivities with other
triazines or triazine metabolites.

Mouvet et al.”’ compared four commercially available test kits and one assay developed in-
house for the determination of triazines in surface and ground water. Operational characteristics,
cross-reactivities, sensitivity, CV, and agreement with GC-LC measurements were investigated.
Detection limits were determined between 0.003 and 0.07 pg/L. Intra-assay CV were below 7%
for all tests; inter-assay CV were below 20%. Correlation studies between the EIA kits and GC-LC
were carried out for samples from different water matrices. Depending on the water source, different
levels of significance were observed with different tests. The best results were obtained for surface
water, while not all kits showed a good agreement for lysimeter samples.

Interesting work was carried out by Thurman’s group for the measurement of triazines in surface
water by immunoassay.®%’ Atrazine was measured in different layers of a lake used as a drinking
water reservoir. The three-dimensional distribution of the triazine concentrations was established
at different times of the year. After atrazine application, up to 10 pg/L atrazine were determined
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in the reservoir. In June the highest concentrations were observed at the entrance of the reservoir,
while in August the concentrations moved toward the middle, with lower concentrations following
behind.® In another study the effect of spring flush on the herbicide concentrations in surface waters
was investigated. High concentrations of herbicides (up to 100 ug/L) were flushed from cropland
and transported through the surface water system. The metabolite-to-parent compound ratio (deeth-
ylatrazine to atrazine ratio, DAR) was established, which may be used as a tracer of ground water
movement into rivers.%’

The use of test kits saves time-consuming antibody production, but there is often a lack of
information on the immunoconjugate used for immunization or on antibody characteristics, such
as their sensitivity toward interfering substances. We have produced polyclonal antibodies in rabbits
and sheep to investigate surface®>®! and rainwater*? for atrazine. The latter study dealt with the
atmospheric transportation of atrazine. We investigated more than 250 rainwater samples from open
fields and forest stands and about 50 surface water samples by EIA without any cleanup or
concentration steps prior to the test. The antibodies were tested for their sensitivity against humic
substances and pH. No interference of humic substances up to 10 mg/L and no influence of the
pH between 3 and 10 were found. Atrazine concentrations of up to 4 ug/L were observed in rain
water, and up to 14 ug/L in surface water. Validation measurements by GC and GC/MS showed
correlation coefficients of 0.95. The atrazine data were used to calculate annual deposition rates in
open fields and forest stands, showing up to 180 pug per m? and year in open fields and up to 150 pug
per m? and year in forest stands, where no atrazine had been applied, indicating atmospheric
transport of the herbicide.

Alachlor was determined in ground and surface water using commercial tests.® SPE was carried
out prior to EIA to remove interfering substances and to concentrate the analyte. Concentrations
of up to 0.8 pg/L were observed, and a comparison with GC/MS showed a correlation coefficient
of 0.95 with a shight underestinmation -by-EIA. In a follow-up study, alachlor and its sulfonated
metabolite were determined in rivers and reservoirs of the midwestern United States.”* The high
cross-reactivity of the ELISA for alachlor to the ethane sulfonic acid metabolite allowed the
determination of both compounds after separation of the two by SPE. The concentration of the
metabolite (up to 1.5 ug/L in the Mississippi river) exceeded the concentration of alachlor. The
occurrence of carbaryl was determined by Marco et al.’? in well-water from Spain with their own
assay and compared with a commercial test kit. Both IAs yielded a good agreement with conven-
tional methods. Concentrations of 0.08 to 1.37 ug/L were observed. Two commercial test kits were
used in the Netherlands to determine 2,4-D concentrations in the rivers Rhine and Meuse.® A
modification of the commercial kits significantly lowered the detection limit as originally indicated
by the manufacturer. The water matrix substantially affected the recovery of 2,4-p with one assay
kit, yielding unexpectedly low recoveries in demineralized and tap water. However, similar results
were obtained by EIA and GC/MS for spiked samples from the river Rhine (with a slope of about
1 and r =0.99). Routine samples were also analyzed and yielded analyte concentrations mostly
below the detection limit (0.03 to 0.05 ng/L).

These examples show that EIAs are well suited for screening analyses. Substantial evidence
has been collected for the reliability and robustness of this approach.

H. Integration of Liquid Chromatography with Immunoassay

Up to now, IAs are not yet available for all relevant compounds. The most interesting compounds
are polar ones, because they are difficult to analyze with chromatographic methods.

If samples containing several contaminants are analyzed by IA, only the target substances are
recognized, whereas unexpected compounds are detected by chromatographic methods through
unusual peaks. Several compounds can usually be investigated with chromatographic methods in
one run (multiresidue analysis), although different extraction methods and chromatographic param-
eters often have to be chosen for different compound classes.” While different antibodies can also
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be used to detect different compounds in one sample, the strength of the IA lies in the fast screening
of many samples for the same compound, especially if many negative samples are expected.

More recently, antibodies have also been used in conjunction with liquid chromatography (LC),
e.g., to concentrate an analyte from a large volume of sample and separate it from an interfering
matrix.”*’¢ In this case an immunoadsorbent column is used before analysis by LC. The immu-
noadsorbent column contains immobilized specific antibodies which bind the analyte, while inter-
fering substances pass through. The analyte can be eluted by using a pH gradient”” or an organic
solvent.” Therefore, large sample volumes with low concentrations of the analyte can be reduced
to small volumes with sufficiently high concentrations without coextracting interfering substances
like humic and fulvic acids. This raises the effective sensitivity of the analysis. Antibody mixtures
can be used to bind substances from different compound classes, e.g., the phenyl urea herbicides
and the triazines.” In this case, the eluted compounds were injected into the LC, yielding a detection
limit of 0.03 to 0.5 pug/L from sample volumes as low as 25 or 50 mL.

When cross-reacting antibodies are applied in IA, the obtained signal is not only related to the
analyte, but also to related compounds. This problem can be circumvented by the use of LC prior
to the IA. LC-IA was applied by Kridmer et al.”* to determine 4-nitrophenols. The nitrophenols
were separated with different LC systems and determined by IA. LC-IA was about 8 to 10 times
more sensitive compared to LC with UV detection. Therefore, the integration of LC with IA
combines the high separation quality of the LC and the sensitivity of an 1A.7%%0

I. Determination of Residues Bound to Dissolved Humic Material

Compounds of environmental concern occur not only as free residues in the aquatic environment,
but they can also bind to mostly low-molecular-weight, water-soluble humic substances.?'$2 The
determination of these residues bound to dissolved humic and fulvic acids is of increasing relevance
because humic material may alter the environmental fate and the effects of these xenobiotic
compounds. The water solubility of lipophilic organic pollutants — accompanied by their
mobility — may be enhanced by complexation or binding to dissolved humic material.3* Kinetics
of degradation reactions may be altered,® and consequently bioavailability and toxicity may
change.?># There is also a distinct possibility that these compounds may be released again, e.g.,
by microbial activities, and become available and effective to aquatic organisms.¥’

Immunochemical methods can also be useful for the detection of nonextractable (bound)
residues. The application of antibodies for the detection of bound residues in soil or plants has
been reported by Hahn et al.® and Giersch et al.>! A competitive EIA, which has originally been
designed for the determination of free atrazine residues,*>® was used to assay atrazine residues
bound to aromatic structures like aminoaryl-s-triazines.>® The aminoaryl-s-triazines are considered
model compounds for nonextractable residues of atrazine in dissolved humic and fulvic acids.
Andreux et al.®° proposed an aminoaryl-s-triazine structure of their nonextractable atrazine residues
just as was found by Adrian et al.”® for chloroanilines.

Most of the aminoaryl-s-triazines were detected with the same affinity as free atrazine.’® They
could be determined in a range of about 0.02 to 2 ug/L. Determination of aminoaryl-s-triazine
concentrations in samples from a photodegradation experiment yielded similar values when deter-
mined by EIA and HPLC. The anilines of the aryl side chain without bound triazine residues were
checked for their cross-reactivities. No reactions with the antibodies were found. Work is now in
progress to assay atrazine bound to aquatic humic and fulvic acids.

lll. CONCLUSIONS AND OUTLOOK

Substantial evidence has been presented for the widespread and reliable use of IA in water
analysis. The strength of the method lies in the screening of a large number of samples within a
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short time at low cost. Therefore, it can be a valuable supplement to conventional analytical methods.
Important applications are seen in the analytics of ground and drinking water, where matrix effects
are seldom observed.

Some restrictions are imposed by the fact that immunoassays are de facto single analyte
methods. However, new approaches are being undertaken, such as the integration of IA with LC.
Furthermore, multianalyte systems are under development. One concept is the microspot IA %!
which uses many microspots with fluorescence-labeled antibodies of different selectivity immobi-
lized on a chip. After incubation with the analyte (antigen or hapten) a fluorescence-labeled tracer
antibody is added. The tracer antibody is either directed against the antigen or consists of an anti-
idiotype antibody directed against the binding site of the capture antibody. Sensor and tracer
antibody carry different fluorescence labels. Therefore, it is possible to determine the amount of
analyte bound to the sensor antibodies with optical scanning methods by measuring the signal ratio
(ratiometric assay).

Another possibility is the use of cross-reacting antibodies for multianalyte detection.”?> Known
cross-reactivities of different antibodies can be used to calculate the different concentrations of
different analytes in a sample containing several contaminants. The estimation of the individual
concentrations is carried out by complex calculating procedures, e.g., by neuronal networks.”

Immunochemical analysis is a fast developing field with numerous possibilities for further
improvements and developments. Two main directions can be observed. Much effort is put into the
development of continuous measurements, such as flow injection immunoanalysis (FIIA) and
immunosensors. A quasicontinuous FIIA of pesticides was developed by Krimer and Schmid®* on
the basis of a competitive IA. Here, the antibodies are immobilized on a membrane. The reaction
takes place in the membrane reactor, the central part of the flow injection system. All reagents are
sequentially added to the reactor, and the product is assayed with the aid of a flow fluorimeter. The
measuring range of the flow injection analysis almost equals that of the EIA.

Important progress is to be expected in the field of immunosensors in which the sensing units
are antibodies. Some relatively simple devices are immunoassay-based dipsticks.?¢?7%° The anti-
bodies are immobilized on a membrane and the dipstick is then introduced into the sample. If
reflectance detection is used, a quantitative signal is produced. A dipstick assay for atrazine was
used to investigate atrazine-spiked water and liquid food samples.®> No cleanup or enrichment of
the samples was necessary, yielding a satisfactory agreement between the results of the dipstick
immunoassay and HPLC or GC measurements. Immunofiltration, also a membrane-based test, was
used to screen rain and surface water, but only visual detection was used.?® In more complicated
systems, the immunological recognition system is immobilized in the direct vicinity of a transducer,
an electrochemical, optical, or gravimetric device. They respond to chemical compounds or ions
and yield electrical signals which depend on the concentration of the analyte. Immunosensors with
piezoelectric crystals as physical sensors are in a relatively advanced state of development.”® They
function as microbalances onto which antibodies are immobilized. Other physical sensors use
optical systems, such as surface plasmon resonance (SPR), interferometry, or grating couplers.’*8
A biosensor employing SPR was used for the determination of atrazine.”® A detection limit of
0.05 ug/L of atrazine in water was reached with an analysis time of 15 minutes. Bier and Schmid!®
used a grating coupler immunosensor for the determination of terbutryn, a triazine herbicide. A
detection limit of 15 nmol/L (about 3.6 ng/L) was established. Interesting developments are also
to be expected from antibody electrodes.!!

Also, new strategies for antibody production are being developed. Genetically engineered
monoclonal antibodies appear very attractive because their selectivity and affinity can be tailored
by site-directed mutations without requiring new immunizations.!> Methods are now provided to
rapidly isolate desired clones from antibody libraries and to manipulate individual recombinant
antibodies to match specific demands of environmental analysis. Binding proteins derived from
antibodies but consisting only of a part of their light- or heavy-chain and recombinant antibody
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fragments (Fabs) directed against different s-triazines have been produced.?"'%* The ultimate goal
is the completely synthetic production of binding proteins or other synthetic receptors which are
fitted to the structure of the analyte by molecular design. The use of libraries is guaranteed to close
the bottleneck in antibody production.
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I. INTRODUCTION

Mitochondria are distinct organelles which can occupy 2 to 22% of the volume of the cytoplasm
of all aerobic eukaryotic (nucleus-containing) cells.!> They are perhaps the best understood cell
constituents in terms of structure, molecular organization, and function in cell metabolism. The
principal role of mitochondria is to provide energy to the cell through utilization of an array of
closely synchronized enzymatic activities to effect stepwise oxidative degradation of a variety of
energy-supplying substrates. For these reasons, they are extremely vulnerable to toxic insult from
extraneous substances intruding into the cell. Mitochondria are closely associated with myofibrils
in tissues, to which they supply ATP (adenosine triphosphate), the molecule containing an energy-
rich phosphate bond which activates muscular movement.

Tests based on suspensions of submitochondrial particles (or SMP) — micelle-shaped fragments
of the inner convoluted enzyme-laden cristae membrane of mitochondria — occupy a special niche
in the spectrum of in vitro bioassays for toxicants in water or aqueous solutions.>* Among the many
advantages of SMP as biochemical targets for in vitro tests is the fact that the particles are so small
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that they do not interfere appreciably with the passage of light in spectroscopic determinations,
and because of their large surface area, they act like a chemical or biochemical reagent in solution.
Because SMP comprise an integrated battery of enzymes embedded in a bilipid membrane matrix,
they are sensitive to a wide range of toxic materials. SMP tests respond to substances that directly
inhibit one or more of the enzymes, interfere with concerted enzyme activity, or alter the properties
of the membrane in which the enzymes are located. SMP respond to either individual substances
or mixtures of materials of different types.

SMP are therefore superb candidates for use in screening tests for general toxicity, i.e., broad-
spectrum tests for a variety of directly acting toxicants (i.e., those not requiring metabolic activa-
tion), whether singly or in combination, that can be completed in minutes. Generally, the tests are
robust in the sense that matrix waters from aquatic environments normally do not cause significant
interferences, so they have many potential applications in aquatic toxicology and water-quality
monitoring. Response is rapid and sensitive because the particles have no external membrane to
deny or inhibit access of the toxicants to the enzymes. In this respect, SMP are preferable to
unicellular organisms such as bacteria, algae, or cell cultures used in other microscale in vitro
bioassays, because whole cells can have strong, impermeable outer membranes that may prevent
some genuinely harmful chemicals from entering.

Il. RATIONALE FOR USE OF BEEF-HEART SMP IN /N VITRO BIOASSAYS

Mitochondria and submitochondrial particles from beef hearts were selected as biologicals to
develop broad-spectrum screening tests for toxicants in the environment for the following reasons:

a. Large amounts of mitochondria are easily obtained from beef hearts. Mitochondria are readily
isolated from cell debris in tissue homogenates in appropriate supporting or preservation media
(e.g., buffered isotonic Ca**-free sucrose solutions) by differential centrifugation, but their yields,
activity, and durability vary greatly with the organ and species from which they are obtained.
Mitochondria from the most common source, rat livers, normally have a useful lifetime of only a
few hours vs. up to three days for heart mitochondria. Fresh beef hearts are readily available from
cattle slaughtered for food, avoiding the need to breed and sacrifice laboratory animals. The heart
muscle has greater densities of mitochondria than liver tissue and is usually less fatty — a beneficial
feature for the workup of the mitochondria. Other investigators have isolated mitochondria from
soft (liver, kidney, brain, adrenal cortex, white or brown adipose tissues) or hard vertebrate tissues
(heart or skeletal muscles), from insect flight muscles, plants (mung beans, potatoes, spinach),
yeasts, algae, filamentous fungi, and spermatozoa;? cell fractionation by sedimentation or freez-
ing/thawing has been used for production of SMP preparations.> However, large-scale production
from beef hearts using specialized equipment is the best way to obtain large batches of uniform
material.>¢ (Such SMP are now commercially available from BioRenewal Technologies Inc., The
Faraday Center, 2800 Fish Hatchery Road, Madison, WI 53711, USA.)

b. As separate organelles of primordial origin with their own genetic material, mitochondria are highly
conserved within and between species.!2 Mitochondria are thought to be descendants of primordial
bacteria which invaded and formed an endosymbiotic relationship with protoeukaryotic cells.!2 The
outer membrane of mitochondria, unlike that of bacteria, is readily penetrated by both organic and
inorganic substances. Access of these substances into the living cell is restricted, so mitochondria
are normally protected from toxic concentrations of these substances. Isolated mitochondria lack
this protection. As the main chemical-processing constituent of cells, they encounter and interact
with most chemicals (benign or toxic, nutritive or inadvertent, organic or inorganic) which enter
the cell. Consequently, the effects of any of these chemicals or their combinations on mitochondria
are similar, regardless of the position of the host organism in the evolutionary chain. In other words,
toxicity, as registered by the response of mitochondria, is not expected to be highly species-specific;
interspecies differences in other aspects of organism adaptation (uptake, metabolic modification,
and excretion) are the features which can lead to differential toxic responses among species.
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c. The delicate balance of their interdependent enzyme functions makes mitochondria particularly
vulnerable to toxic insult. Because of their central role in energy production in cell metabolism,
mitochondria are replete with enzyme complexes acting in concert to degrade oxidizable substrates
with simultaneous production of ATP, the key coenzyme in the transfer of phosphate bond energy
for muscle activation and other energy-linked cell biochemical processes. This function explains
why they occur in such high concentrations in heart muscle, the leanest, most active muscle in any
higher organism, and why the enzyme systems must act efficiently as a team to maintain a steady
supply of energy to the cell, and by extension, to the whole organism. For this reason, breakdown
in mitochondrial function is thought to be a major mechanism of action of many toxicants in whole-
animal toxicity. Any toxicant interfering with the smooth sequence of events in normal mitochon-
drion operation will produce a change likely to upset the whole process and may be discernible as
a physiological phenomenon, a clinical manifestation on the whole organism, or in a laboratory
test of some biochemical or physical endpoint.

d. Unlike systems of soluble enzymes, many functions of whole mitochondria and SMP depend upon
membrane integrity. Both whole mitochondria and SMP are membrane vesicles, and in SMP, most
of the enzymes are membrane-bound. Coupling between the respiratory chain of enzymes and the
ATPase requires selective permeability to ions, just as with neurons, and will fail if the membrane
is not intact. Furthermore, many of the enzymes lose functionality in the presence of certain lipid-
soluble compounds, suggesting disruption of the positioning of membrane-bound, interacting
enzyme complexes within the lipid bilayer. This broadens the range of toxicants to which SMP
respond.

e. Variations in mitochondrial test protocols can delineate mode of action. The enzymes in isolated
whole mitochondria continue to function normally, if provided with extraneous sources of the
substrates and biochemicals which they utilize for their normal function. By employing different
mixtures of substrates and selected mitochondrial inhibitors, individual combinations of enzymes
can be segregated and scrutinized. This approach can be used to yield information about the
mechanism of action and, if testing an unknown, clues about a toxicant’s identity. Relatively
unskilled technicians can rely on objective instrumental measurements to detect and quantify
toxicity responses in these tests.

f. Unlike whole mitochondria, SMP are fully capable of coupling the respiratory chain of enzymes
to the ATP-synthesizing complex even after freezing and thawing. Our first tests for toxicants were
based on large-amplitude swelling of isolated mitochondria, an energy-driven process occurring in
suitable iso-osmotic media as a result of normal metabolism. Light scattering of suspensions at
520 nm provided a measure of the swelling. Inhibition of swelling could be quantitatively related
to the toxicity of the medium.” Although beef-heart mitochondria remain active for several days
and can be produced quickly, they still have a restricted lifetime and cannot be readily preserved.
The relatively large membranes of whole mitochondria are disrupted by freezing and thawing so
that electrochemical gradients, believed to couple respiratory chain enzymes to mitochondrial
ATPase and other enzymes, can no longer be maintained. Consequently, tests based on whole
mitochondria were deemed unsatisfactory for routine use. However, many of the integrated enzyme
functions in whole mitochondria are fully maintained in SMP, produced by sonication of whole
mitochondria and purification by ultracentrifugation. The coordinated chain of enzymes involved
in oxidative phosphorylation in intact mitochondria or cells is maintained with minimal loss of
function in SMP and can be stored for months or years in preservative medium at —80°C without
significant loss of enzymatic activity.

lll. UTILITY OF COMPARISONS BETWEEN SMP
AND WHOLE-ORGANISM TESTS

As with all biochemical tests based on single cells, cell organelles or fragments, or cell
constituents, SMP tests are still only a surrogate model of restricted validity for whole-organism
toxicity. This is because the processes of absorption (uptake), metabolism (detoxification or activation),
interorgan transport, and excretion (elimination) which modify overall toxicity in vivo in complete



34 MICROSCALE TESTING IN AQUATIC TOXICOLOGY: ADVANCES, TECHNIQUES, AND PRACTICE

higher organisms cannot be accurately duplicated or modeled in the in vitro protocols. Some refine-
ments of SMP tests, e.g., activation of otherwise benign substrates by liver microsomal enzymes or
fractions, can usually be made more readily than with enzyme- or unicellular-organism tests.

Evaluation of the utility of any of these tests must rely on the closeness of correlations of their
results with toxicities measured in whole organisms. The higher organisms which provide data for
these comparisons are usually species that are the goal of toxicant-avoidance programs, e.g.,
humans, fish, or wildlife, where information is obtained from mortality or morbidity resulting from
occupational, accidental, or environmental exposures to the toxicants of concern. In such cases,
exposure levels are difficult to determine or are inferred from clinical measurements of body burdens
through analysis of blood or tissue samples. Alternatively, toxicity data are derived from controlled
exposures using standardized protocols of laboratory test species such as rodents, fathead minnows,
or daphnids. The rodents serve as surrogates for higher species. Because the aquatic species are
widely occurring, trophically important, and reasonably sensitive, they are selected as representa-
tives for the entire range of organisms inhabiting the particular environment in question, e.g.,
temperate-zone freshwater rivers and lakes.

Toxicities of a large number of individual inorganic ions or organic compounds measured in
tests with SMP correlate closely with toxicities reported for the same materials in cell lines, rodents,
fish, and humans.®'° Thus, SMP bioassays are perhaps the best available substitutes for whole
organisms in rapid, inexpensive in vitro prescreening tests for chemical toxicity. The nature of
mitochondria, their enzymes, and functions provides a reasonable explanation for the expectation
that SMP should reflect whole-organism toxicity well, regardless of species. In general, higher
precision and closer reproducibility can be achieved with SMP tests because the underlying vari-
ability is relatively low, the techniques are simple (minimizing interlaboratory and cross-operator
variability), and, because they are fast and inexpensive, large numbers of replicate tests can be
completed. In whole-organism bioassays, the experimental techniques are more complicated, more
expensive to perform and more difficult to duplicate, so the range of inter-investigator error is high,
few cases of multiple determinations of substances are available, and the range of substances that
can be tested is constrained by cost. These tend to weaken correlations with the SMP — or any
other — in vitro toxicity bioassay and do not necessarily reflect failings in the microscale tests.

Even with good-quality data sets, poor correlations can result because toxic responses in whole
organisms are modulated by higher levels of biological organization to varying degrees by exclusion,
preferential uptake, bioaccumulation, metabolism, or excretion. These also explain much interspe-
cies variability. Also, many toxic responses are mediated through specific receptors absent from
in vitro systems, €.g., acetylcholinesterase inhibition by organophosphate or carbamate insecticides.
The biologicals used in SMP and other in vitro tests are often sensitive to these chemicals despite
their lack of the receptor, but usually to a lesser magnitude. The fact that SMP tests are reasonably
good predictors of whole organism responses may be rooted in an underlying similarity of biological
systems at all levels of organization: proteins must work together, and membranes must maintain
selectivity. SMP are a complex enough system to share this similarity, yet remain simple enough
to work in fast and convenient tests.

These factors call for judicious application and interpretation of all standardized toxicity tests,
whether with whole organisms, single cells, or cell organelles or constituents. Employment of
combinations of in vitro tests offers an efficient tool for discovering toxicant mechanism of action
or for matching test capabilities with contaminants expected in a given environmental situation.
SMP and other in vitro tests can be completed much more quickly than whole-organism tests, viz.
in less than an hour vs. four to seven days for fish tests. This enables users to make decisions
quickly and is a distinct advantage in applications such as spill-site evaluations, on-line effluent
monitoring, and toxicity identification/reduction evaluations. Perhaps most powerfully, SMP tests
can be used to serve as an extension and complement to a testing program based on whole organisms.
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B) Necessary reagents and generalized time course of absorbance changes in the reverse electron
transfer (RET) test.

IV. OPTIONS FOR TOXICANT BIOASSAYS BASED ON SMP RESPONSES

Thanks to the broad diversity of some 50 enzymatic activities present in SMP, many of them
interlinked, several choices of the target for toxicants can be chosen and suitably sensitive test
protocols elaborated. Several different bioassays are described below, including: 1) the reverse-
electron transport (RET) bioassay (Figure 3.1),!" which segregates a portion of the mitochondrial
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respiratory chain and causes a backward flow of the electrons along the oxidation pathway; 2) the
electron transport (ETr) bioassay (Figure 3.2),'? which allows normal forward electron flow along
a portion of the oxidation pathway; 3) the facilitated electron withdrawal (FEW) bioassay
(Figure 3.3),"* which uses special superoxide-dismutase-depleted SMP preparations and an electron
transfer inhibitor to block the normal flow of electrons, shunting them to electron-scavenging
toxicants. The RET and ETr tests give direct measures of acute toxicity to SMP, data which can
be correlated with acute or chronic toxicities in whole organisms.*®? The FEW assay provides a
measure of the formation of highly active oxygen free-radicals (pro-oxidant states) formed through
redox cycling, species thought to be involved in cancer promotion.'"* Xenobiotics which fail to exert
full toxicity unless activated by xenobiotic-activating enzymes present in the liver, lungs, kidneys, or
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other tissues are the targets of hybrid assays (RET-P450 and ETr-P450 protocols), in which RET and
ETr tests are performed after preincubating the SMP with the toxicant and cytochrome P-450 enzymes.

All of these tests deploy separate sources of energy and electrons coupled through selected
contiguous enzyme complexes which may be vulnerable at one or more points to toxic insult. These
assays are all monitored spectrophotometrically: light absorption properties of the nicotinamide
adenine dinucleotide redox couple (NAD* =NADH) are used to detect endpoints in the RET and
ETr tests.!'? NADH, the reduced form of this respiratory coenzyme, exhibits an absorbance
maximum at 340 nm, while NAD* is translucent at this wavelength. Absorbance can therefore be
related to the rates of enzymatic conversion of measured amounts of NAD* or NADH added to
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bioassay incubations and used to detect retardation of the reaction caused by toxicants. The
conversion of the colorless catecholamine hormone epinephrine by activated oxygen species to the
orange iminoquinone pigment adrenochrome is used to monitor the FEW assay by measuring
absorbance at 480 nm."?

Additional bioassays based on other enzyme reactions have also been conceived but not as
completely developed and tested; these include the cytochrome oxidase (COx) test (Figure 3.4),
involving NAD* reduction to NADH by reverse electron transfer driven by ascorbate through
intercession of tetramethylphenylenediamine (TMPD), and an oxidative phosphorylation (OP) test
(Figure 3.5)1 involving ADP phosphorylation driven by succinate oxidation. ATP is cycled back
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to ADP by including glucose and hexokinase, and its production is monitored by using glucose
6-phosphate dehydrogenase to reduce NADP* to NADPH, which like NADH, absorbs at 340 nm.'¢!7
ATP production can aiso be monitored luminometrically by substituting luciferin and luciferase
(EC 1.13.12.7) for the aforementioned system.!®

Figure 3.6 shows a generic scheme illustrating how some substances, e.g., polynuclear aromatic
hydrocarbons (PAHS) or chloroalkane solvents, are transformed by cytochrome P-450 enzymes to
metabolites which inflict damage on SMP detectable in one or more of the standard tests. This
approach has been successfully applied with both the RET and ETr tests, although this work is
ongoing and protocols have not been optimized. As an example, Figure 3.7 shows dose-response
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(phenanthrene) generated by cytochrome P-450 enzymes in liver microsomes from male Fisher
rats induced with g-naphthoflavone.

curves for the PAH phenanthrene comparing results in the conventional RET test with those in
which phenanthrene and SMP were preincubated with liver microsomes for 20 minutes at 37°C.
In each of the illustrations described so far, the tests are conducted in a 2 to 3 mL incubation
mixture in a quartz or disposable polystyrene cuvette. While simple and straightforward, a batch
of tests with increasing concentrations of toxicant must be conducted in parallel to obtain the best
dose-response curve from which an ECy, — the concentration of toxicant causing 50% inhibition
of the respective reaction and the standard relative measure of toxicity — can be obtained. However,
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tests can now be conducted far more efficiently and dose-response curves obtained with a single
set of incubations by using disposable 96-well polystyrene microtiter plates, which are read auto-
matically in an automated plate reader. Procedures are described below.

V. TEST PROTOCOLS

Detailed practical procedures have been previously described for tests with SMP in cuvettes
using the RET,*$!1 ETr,31012 COx,* and FEW assays.'? While these procedures are still reliable,
it has now been found unnecessary to include sucrose in the RET, ETr, and COx test media, and
to keep cuvettes or microtiter plates at exactly 25°C, provided controls and test samples are
processed simultaneously. Also, the amount of SMP protein prescribed is lowered, and longer
intervals can be used between absorbance readings, a convenience when many tests are being run
simultaneously in cuvettes by a single operator. Finally, it has been shown that cyanide can be
substituted for antimycin in the FEW test.!?

For the OP test, SMP (0.2 mg) are incubated at 25°C in 3 mL of 50 mM K*-HEPES buffer
(pH 7.5), 6 mM MgSO,, 5 mM glucose, 1 mM K*-phosphate, 1 mM NADP*, 1 mM ADP, 5 mM
K*-succinate, and 1 unit each of myokinase-free hexokinase (EC 2.7.1.1) and glucose 6-phosphate
(G-6-P) dehydrogenase (EC 1.1.1.49) with a vehicle control and various concentrations of test
chemical or sample in the same medium, usually distilled deionized water (DDW) or DDW plus
ethanol or dimethyl sulfoxide (DMSO). After readings of the baseline absorption at 340 nm for
three 5-min intervals, the reaction is initiated with 50 uL. 300 mM K*-succinate, and the change in
absorbance recorded for six further 5-min intervals.

VI. PROTOCOLS FOR SMP TESTS WITH TOXICANT ACTIVATION
BY CYTOCHROME P-450

RET-P450 — A stock microsome-SMP mixture is prepared by adding 500 uL. SMP (3 mg/mL
protein), 100 pL. microsomes (approximately 40 mg/mL protein),?’ and 400 pL 0.1M K*-phosphate
buffer (pH 7.5) to a 1.5 mL microcentrifuge tube. A 100-pL aliquot of this mixture is added to a
1 cm pathlength cuvette containing 200 uL of an NADPH-generating system [70.6 mM K*-phos-
phate buffer (pH 7.5), 9 mM MgSO,, 1.8 mM NADP*, 21.6 mM G-6-P, and 1.8 units G-6-P dehy-
drogenase],?! 200 uL 37.5 mM K*-phosphate buffer (pH 7.5), and 100 uL DDW including the
toxicant or appropriate vehicle control. This 600-uL volume is incubated for 20 min at 37°C. The
incubate is then diluted with 2.35 mL diluent [62.5 mM EPPS buffer (pH 8.0), 6.25 mM K-*-
succinate, 1.25 mM NAD*, 0.25 ug/mL antimycin A, and 30 mM MgSO,] and the baseline absor-
bance at 340 nm read at room temperature for 15 min; the RET reaction is initiated with 50 pL
100 mM ATP and the change in absorbance at 340 nm monitored for 30 min longer. The higher
pH and higher Mg** content are required to inhibit SMP’s endogenous transhydrogenase,? which
interferes in the RET test by reducing NAD* to NADH by NADPH still present in the medium.?’

ETr-P450 — In this test the microsome-SMP stock mixture contains 250 uL SMP (1 mg/mL
protein), 100 uL microsomes (approximately 40 mg/mL protein),?® and 650 uL 0.1 M K*-phosphate
buffer (pH 7.5). A 100-uL aliquot of stock microsome-SMP is added to a I cm pathlength cuvette
containing 200 uL 0.15 M K*-phosphate buffer (pH 7.5), 200 pL. NADPH-generating system,! and
100 uL. DDW or appropriate vehicle containing the toxicant or control. Following a 20-min incu-
bation at 37°C the incubate is diluted with 2.35 mL 0.1 M K*-phosphate buffer (pH 7.5) and,
following baseline readings for 15 min at room temperature, the reaction is initiated with 50 pL
8.2 mM NADH and the absorbance read at 5-min intervals for 30 min. The high phosphate buffer
concentrations help maintain SMP activity in this protocol. Lower SMP levels are preferable here
because the ETr reaction rate is faster than the RET reaction, and higher sensitivities to low toxicant
concentrations can be achieved in this way.
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VIi. RET/ETr MICROPLATE PROTOCOL

Protocols for the RET and ETr procedures have been conducted successfully in 96-well micro-
titer plates using a spectrophotometric endpoint. For these assays, each microwell contains 50 mM
K*-HEPES (pH 7.5), 6 mM MgSO,, 5 mM K*-succinate, 0.2 pg/mL antimycin, and 0.05 mg/mL
SMP protein for the RET test; and 50 mM K+*-HEPES buffer (pH 7.5), 6 mM MgSO,, and
0.033 mg/mL SMP protein for the ETr test. The reduction of NAD* (RET) or the oxidation of
NADH (ETr) is measured at 340 nm after the addition of ATP/NADH to activate the assay.

In the experimental setup, concentrated solutions are prepared and frozen at —20°C, viz. 43 mL
1 M K*-HEPES buffer (pH 7.5), 13 mL 0.4 M MgSO,, and 21.5 mL 0.2 M K*-succinate for the
RET test; and 43 mL 1 M K*-HEPES buffer (pH 7.5) and 13 mL 0.4 M MgSO, for the ETr test.
Reaction mixture solutions are added to a 100-mL beaker, adjusted to pH 7.5 with KOH, transferred
to a 100-mL volumetric flask and diluted to volume; 15-mL aliquots are dispensed and frozen. On
the day of use 129 uL 200 pg/mL antimycin and 0.85 g B-NAD* (as a powder) are added per
thawed 15-mL aliquot for the RET test; no additions are needed for the ETr test. SMP are prepared
by thawing SMP concentrate (24 mg/mL protein, obtained frozen in 110 uL aliquots in sealed vials
from BioRenewal Technologies Inc., Madison, WI) and adding 100 pL to 1.5 mL RET reaction
mixture (enough for 160 microplate wells in the RET test), or 2.3 mL 50 mM K*-HEPES buffer
(enough for 240 wells in the ETr test). Toxicant dilutions are included in the DDW or DDW/solvent
addition used to bring each solution up to volume. Vehicle solvents (ethanol or dimethyl sulfoxide)
are not to exceed 1% of the total volume, i.e., 3 uL. Thus each well contains: 35 pL reaction
mixture, 245 uL. DDW or toxicant solution, 10 uL SMP, and 10 uL. ATP or NADH to activate the
assay, at a total volume of 300 uL.

In practice, for each run, 35 pL of the desired assay’s reaction mixture is added to each well
in the microplate, together with 245 nLL DDW containing appropriate concentrations (dilutions) of
toxicant or control vehicle (DDW, or DDW + EtOH or DMSO), and 10 uL. SMP. Four baseline
readings are taken at 340 nm at 2-min intervals, with a 10-sec shake before each reading, on a
Dynatech MRX microplate reader (Chantilly, VA) coupled to a computer interface utilizing Dynat-
ech’s Biolinx software in the kinetics mode. Just before the fifth reading at 10 minutes, a multi-
channel pipettor is used to add 10 uL. 50 mM ATP to each well for the RET test, or 10 uL. 4.1 mM
NADH per well for the ETr test. Further readings are taken every 2 min for a total of 20 readings,
with a 10-second shake before each reading. Reaction rates in toxicant-containing wells are com-
pared to those in control wells to determine percent inhibition.

VIIl. CORRELATIONS OF SMP TOXICITY DATA ON TOXICITY DATA
FROM OTHER TESTS

Table 3.1 shows a list of SMP median effective concentrations (ECs, values) measured in our
laboratory for 162 chemical species, together with corresponding data for Vibrio fischeri in the
Microtox®* assay and median lethality concentrations (96-h LCs, values) toward fathead minnows
(or bluegill sunfish, if fathead minnow values were unavailable) and ECss for 34 compounds
measured with frozen/thawed beef heart mitochondria. Comparisons were made among these values
by logarithmically transforming the four data sets in Table 3.1 and applying linear regression. A
long-standing goal of in vitro testing with SMP or Microtox is to demonstrate the capacity to predict
toxicity of chemicals to whole aquatic organisms. Acute toxicity testing with fish, particularly the
fathead minnow (Pimephales promelas), has a long history, and ample data are available. An ideal
regression of log-transformed in vitro test ECss on fish LCys (both in ug/L) would exhibit a

* Microtox is a registered trademark of AZUR Environmental, Carlsbad, CA.
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Table 3.2 Linear regression statistics from comparisons made among logarithmically transformed sets
of the bioassay data presented in Table 3.1. SMP = submitochondrial particle tests, Mix =
Microtox V. fischeri tests, Fish = fish (fathead minnow or bluegil!) tests, BHM = beef heart
mitochondria tests.

Independent variable Fish Fish Fish Fish Fish Fish Fish SMP Fish Fish SMP
Dependent variable SMP SMP SMP Mtx SMP Mtx Mx Mx BHM SMP BHM

Data excluded none see? see® none see® seed seet none nhone see' nhone
No. of chemicals 104 94 85 77 77 67 67 104 34 34 34

Rz 0.763 0.893 0.859 0.603 0.837 0.835 0.680 0.547 0.864 0.939 0.883
Intercept 1.088 0.388 0.407 1.402 0.637 0.181 0.854 1.258 0.150 0.162 0.073
Intercept error 0.759 0.524 0.609 0.915 0.617 0595 0.850 1.022 0.686 0.461 0.637
Slope 0.836 0.976 0.972 0.747 0926 1.003 0.865 0.750 0972 1.014 0.939
Slope error 0.046 0.035 0.043 0.070 0.047 0.055 0.074 0.068 0.068 0.046 0.061

2 10 SMP outliers, i.e., log (value) diverges from log (fish value) by more than zlog (25): Aldicarb, chlorpyrifos,
terbufos, methyl isothiocyanate, endrin, nicotine, methoxychlor, heptachlor, captan, trifluralin.

b 19 neurotoxicants: Aldicarb, carbaryl, chiordane, chlorpyrifos, diazinon, dieldrin, disulfoton, DDE, DDT, endrin,
guthion, heptachlor, kelthane, lindane, malathion, methoxychlor, nicotine, permethrin, terbufos.

¢ 27 toxicants for which Microtox data are unavailable.

9 10 Microtox outliers, see 2: Chlorpyrifos, silver, DDT, diethylhexy! phthalate, cadmium, cyhexatin, triton X-100,
permethrin, p-aminophenol, paraquat.

¢ 10 neurotoxicants: Chlorpyrifos, carbaryl, chlordane, diazinon, DDT, kelthane, lindane, malathion, nicotine,
permethrin

f 70 toxicants for which bovine heart mitochondria data are unavailable.

coefficient of variance (r?) of 1.0, a slope of 1.0, and an intercept of zero. Regression of SMP on
available fish data (for 104 chemicals) shows a reasonable correlation (r> = 0.76) and a slope of
0.84 (Table 3.2). An arbitrary value (log 25) was chosen for the minimum difference between any
given pair of the log-transformed values to designate outliers. For the SMP-fish regression,
10 chemicals (Table 3.2, footnote?) exceed this criterion; for all of these, SMP are less sensitive
than fish. An SMP on fish regression excluding these chemicals yields an r? of 0.89 and a slope of
0.98. Seven of the excluded chemicals are neurotoxicants, a class for which SMP are not expected
to perform well. SMP tests indicated toxic responses to most neurotoxicants tested, but not of the
same magnitude as fish. Excluding all 18 neurotoxicants from the data set yields r? of 0.86 and a
slope of 0.97. Applying the same manipulations to the Microtox data reveals a poorer correlation
with the fish test (Table 3.2) and 10 outliers from a more varied set of chemicals (Table 3.2,
footnoted). Excluding neurotoxicants does not markedly improve this correlation. Applying the
SMP test to the 77 chemicals for which data are available for all three tests also shows a better
correlation between SMP and fish than for Microtox and fish (Table 3.2).

Polarographic analysis using the Clark oxygen electrode is a standard procedure for measuring
the effects of toxicants on respiration rates in freshly isolated mitochondria.’¢-** A group of Italian
researchers applied this technique to frozen beef-heart mitochondria, to permit selective determi-
nation of toxicants or toxicant mixtures.?* This study in essence used a type of SMP preparation,
because freezing and thawing rupture mitochondria, and for the 37 materials examined a good
correlation of LC;, values with SMP was found (1> = 0.87). However, no correlation to fish toxicity
was reported. A correlation performed by us using data from this report (see Table 3.2, column
fish v. BHM) was weaker than one obtained using SMP ECj, values for the same substances from
Table 3.1 (see Table 3.2, column fish v. SMP), suggesting that SMP prepared by sonication and
centrifugal fractionation are preferable to unpurified fragments obtained by freeze/thaw cycling. A
clever adaptation of the basic protocol in the Italian work involved the use of bovine serum albumin
to sorb organic toxins and EDTA to complex divalent metals and thus eliminate toxicity from these
sources in separate tests.>
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IX. APPLICATIONS OF SMP TESTS

Bioassays using SMP have been applied to several environmental problems involving water
pollution by toxic substances or mixtures of known or unknown composition, sometimes in com-
parison with other bioassays. Results of several studies have not been published because of the
confidential nature of the investigations in connection with regulatory actions. Applications have
been restricted because, until recently, SMP have not been commercially available.

A few of the first published applications investigated the toxicity of industrial effluents,*
measurements of municipal sewage treatment plant samples to help determine the best technology
to reduce the toxicity of the plant effluent,**4! and investigations of water quality in the Illinois,**4
Minnesota,** and Menominee** Rivers and some of their tributaries. The method was later applied
for selective detection of phenols in water,* for monitoring heavy metals in water,* to assess the
potency and long-term toxicity of leachates from rubber tires in water,* as a model to compare
the toxicity of tributyltin toward fish and algae,*’ as biosensors for chlorophenols,*** for measuring
the toxicity of surfactants and their breakdown products,’® for examining uncharacterized environ-
mental samples including storm water runoff, landfill leachate, soil and sediment extracts,’’ as well
as river water and sediment samples collected in the Temuco and Rapel River Basin, Chile.’? SMP
tests have also been used to demonstrate the efficacy of oxidations with hydrogen peroxide catalyzed
by ultraviolet light for detoxifying mixed pesticide wastes.>

The ease, rapidity, and low cost of the SMP tests are extolled in all of these applications. These
features allow SMP tests to be conducted rapidly on many individuals rather than a few composite
samples, as are usually required for whole-organism toxicity tests. Consequently a better real-time
picture of changes in toxicity can be obtained in dynamic systems. Their application provided some
surprising indicators of practical importance that would have not been readily recognized by other
methods. For example, the tests helped select the best tertiary treatment process for a municipal
wastewater treatment plant,*' indicated that nonionic surfactants are a greater environmental hazard
than linear alkylbenzene sulfonates,’® and that antifouling paints were more likely to be toxic to
fish than to algae.*’ However, SMP tests were found to have poor sensitivity to ammonia, an
important aquatic toxicant in many settings, particularly in monitoring sewage treatment plant
outfalls. 404!

One limitation in the ETr test, activity stimulation, was recognized through some of these
studies.* Investigation into this phenomenon revealed that this was not a manifestation of toxicity
but appeared to be caused by ion composition. Activity in the ETr test increases with ionic strength,
but this effect is also ion-specific. In fresh surface- and ground waters, calcium is probably the
principal cause. Moderate levels of salts also appeared to alleviate inhibition of some toxicants,
when compared to a control with no added salt.** These effects call for caution when testing
environmental samples, but may be compensated for by employing controls with similar ion
composition, so that stimulation in samples is matched by stimulation in controls.

X. DISCUSSION AND CONCLUSIONS

SMP tests are clearly becoming a popular and efficient method for rapid determination of
toxicity in water samples or aqueous extracts and are gaining wider acceptance for practical
applications in environmental monitoring. However, studies with a single group of compounds,
chlorophenols, highlight the need for use of a uniform biological preparation and more closely
standardized test protocols.

Differences in respiration rates between mitochondria from rat embryos and maternal rat livers®
indicate that toxicity values may vary significantly depending upon the source if whole mitochondria
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are used. Differences are also observed in toxic responses toward identical chlorophenols depending
upon whether whole mitochondria or SMP are used,**>*#34% and what protocol is followed in SMP
tests. 89474850 Apparently, to economize on SMP consumption, RET measurements were made by
Italian researchers in one and the same cuvette by increasing the toxicant concentration stepwise
in sequence,*’-® whereas parallel measurements are made simultaneously in separate cuvettes in
our protocols.*%12 Sequential toxicant additions led to much lower LCj, values (compare BHM
data with corresponding SMP values in Table 3.1). The best economy and most uniform results
can now probably be achieved most conveniently by using the automated microtiter-plate procedure
with commercially produced SMP, which have been fractionated and purified by differential cen-
trifugation. For practical applications, rapid throughput of a series of samples is achievable by a
single operator using this modern equipment. However, because an electron flux is generated by
SMP, it is conceivable that, in time, a system for continuous monitoring of the toxicity of waste
streams or natural bodies of water using SMP integrated with an electrode may be developed.
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I. INTRODUCTION

The mixed function oxygenase (MFO) enzymes represent a “super family” of more than
200 genes.! They are involved in the metabolism (oxidative, peroxidative, and reductive) of endog-
enous and “foreign” compounds, including hormones, fatty acids, drugs, plant products, and
xenobiotics such as polynuclear and halogenated aromatic hydrocarbons (PAH and HAH). In fish,
the most studied of the MFO enzymes are membrane-bound cytochrome proteins that metabolize
aromatic xenobiotics to facilitate their excretion. These enzymes are inducible, i.e., their catalytic
activity increases with exposure to polyaromatic compounds such as PAHs and polychlorinated
dibenzo(p)dioxins (PCDDs). Induction in vivo or in vitro can be used to indicate the presence and
amount of those compounds in environmental samples, and the potential for their toxic effects.

This chapter will review the biochemistry and toxicology of the MFO enzymes, and the use of
MFO bioassays to indicate the presence and potency of individual inducing compounds or mixtures
of compounds in liquid effluents and natural matrices. Table 4.1 provides a glossary of acronyms.

Table 4.1 A Glossary of Acronyms Used in This Chapter

Ah arylhydrocarbon protein receptor
AHH arylhydrocarbon hydroxylase

AOX adsorbable organic halide

Arnt Ah-receptor nuclear translocator protein
BaP Benzo[a]pyrene

BNF -naphthoflavone

BKME bleached kraft mill effluent

CcB chlorobiphenyl

CYP cytochrome protein

DRE dioxin-responsive element

ECs, median effective concentration

EDs, median effective dose

ELISA enzyme-linked immunosorbent assay
EROD ethoxyresorufin-o-deethylase

GC-MS gas chromatography-mass spectrometry
HAH halogenated aromatic hydrocarbon
H411E rat hepatoma cell line

HPLC high pressure liquid chromatography
I-TEF international toxic equivalent factor
Kow octanol-water partition coefficient
MFO mixed function oxygenase

PAH polynuclear aromatic hydrocarbon
PCB polychlorobiphenyl

PCDD polychlorinated dibenzo(p)dioxin
cPCR competitive polymerase chain reaction
PLHC-1 Poeciliopsis lucida cell line

PPO diphenyloxazole

RMT receptor-mediated toxicity

RT reverse transcriptase

RTG-2 rainbow trout gonad cell line
RTH-149 rainbow trout hepatoma cell line
SAR structure activity relationship

SPMD semipermeable membrane device
TEF toxic equivalent factor

TEQ toxic equivalent quantity

TCBP tetrachlorobiphenyl

2,3,7,8-TCDD 2,3,7,8-tetrachlorodibenzo(p)dioxin
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A. Biochemistry and Toxicology of MFO Induction

MFO enzymes are found in virtually all taxa, although their types and relative abundance vary
considerably among species.! The enzymes were first described as cytochrome P-450 proteins
because of characteristic light absorption at 450 nm under reducing conditions.”? As new proteins
were discovered, they were classified broadly according to compounds that caused their induction
(e.g., phenobarbital or 3-methyl cholanthrene inducible enzymes) or the substrates they metabolized
(e.g., ethoxyresorufin-o-deethylase (EROD)).? With the identification of genes coding for individual
enzymes, they are named CYP (cytochrome protein) enzymes and classified by number, according
to amino acid sequences. Groups sharing less than 40% of identical amino acid sequences with
other CYP proteins are termed a “family,”! and CYP1AL1 is the specific family of interest in fish
for studies of polyaromatic xenobiotics. Fish also appear to have CYP2B1 proteins, a form induced
by phenobarbital in mammals but not in fish.* This review will follow the recommended nomen-
clature for CYP genes, DNA, RNA, and proteins.!

MFO induction by specific compounds is primarily transcriptional, i.e., increased activity due
to gene activation, although post-transcriptional or post-translational regulation also occurs.' The
current model of induction describes the binding of an inducing ligand to an arylhydrocarbon or
Ah protein receptor in the cytoplasm to form an Ah receptor (AhR) complex. Concurrent release
of heat-shock proteins from the receptor and subsequent binding of the complex to an Ah-receptor
nuclear translocator (Arnt) protein allows transport of the AhR complex into the nucleus. The AhR-
Amt complex interacts with a dioxin-responsive element (DRE) upstream of the CYP gene to
activate gene transcription to CYP mRNA. This mRNA moves to the endoplasmic reticulum to
initiate gene translation and CYP protein synthesis.>

The potency of MFO inducers varies with Ah receptor binding affinity and persistence.’> In most
species, 2,3,7,8-tetrachlorodibenzo(p)dioxin (2,3,7,8-TCDD) is the most potent inducer of CYP1A1
enzymes because it has the greatest binding affinity and is very persistent,>¢ although recent studies
show that some pentachloro congeners are most potent in fish.” In fish, CYP1A1 activity is inducible
by some PAHs, PCDDs, polychlorinated dibenzofurans (PCDFs), coplanar congeners of PCBs, and
by some plant flavones and wood extracts.®?

MFO enzymes enable the addition of oxygen across double bonds in aromatic compounds,
forming epoxides and dihydrodiols.!® This Phase I metabolic conversion of xenobiotics increases
the reactivity, polarity, and water solubility of the substrate. In Phase II reactions, these metabolites
are conjugated to endogenous substrates such as glucuronic acid by glucuronosoyl transferase.
Conjugation further increases water solubility and rates of excretion.'”

Detoxification is not the only result of induction; the increased reactivity of oxygenated metab-
olites of aromatic compounds can lead to genetic damage. Highly reactive epoxides can bind to
DNA, forming adducts that cause mutagenicity and carcinogenicity by interfering with gene rep-
lication. Benzofa]pyrene (BaP) is a well-known procarcinogen activated to a carcinogenic diol
epoxide by MFO enzymes. PAH such as BaP generally have short tissue half-lives due to metab-
olism by MFO enzymes; induction is rapid and transient following a brief exposure to PAH,’ but
toxic effects may be delayed by months or years due to the latency of carcinogenic responses.

In contrast, most chlorinated inducers, such as PCDDs, PCDFs, and PCBs, persist in tissues
because they are metabolized slowly by MFO enzymes. Because they also bind strongly to the Ah
receptor, MFO induction is rapid and prolonged;>'"1? induction is also part of a suite of toxicological
symptoms known as receptor-mediated toxicity (RMT) associated with continuous and prolonged
gene activation. These symptoms include thymic involution, endothelial cell pathology, edema,
hemorrhaging, and reduced growth. The type, number, and severity of lesions are species dependent,
but features common to all vertebrates include a high sensitivity of young developing animals.
While MFO enzymes occur in all tissues of fish, highest activities are found in liver. Endothelial
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cells often display higher activity than other cell types, and toxicity associated with induction may
start with endothelial cell damage.?

The rapid induction of CYP1A1 enzymes by highly toxic compounds, the sensitivity of induc-
tion to low-level exposure, and its association with well-known mechanisms of toxicity has stim-
ulated interest in using induction in fish to indicate chemical exposure and possible effects. Among
the first experiments was the demonstration of arylhydrocarbon hydroxylase (AHH, or BaP hydroxy-
lase) induction in cunner (Tautogolabrus adspersus) exposed to oil.'"* Since then, there have been
many reports describing the MFO enzymes of fish, their distribution among tissues and cell types,
their relative abundance among fish species, and their response to xenobiotics in the lab or at
contaminated sites.'? Induction in situ has been associated with oil spills," industrial waste,'¢ pulp
mill effluents,’” PCBs,'® and dioxins.!® The presence of inducers in specific effluents or natural
substrates was confirmed by caging studies®® and by laboratory exposures of fish to contaminated
sediments and effluents.>?!

There are several landmark studies that linked MFO induction to chemical toxicity in situ.
Downstream of a steel mill, Baumann and co-workers demonstrated a sequence of responses in
brown bullhead (Ictalurus nebulosus) that were consistent with PAH-induced carcinogenicity.??
Compared to reference fish, bullhead exposed to PAH-contaminated sediments contained higher
concentrations of tissue PAH, a higher activity of liver MFO enzymes, higher concentrations of
bile conjugates of PAH, higher concentrations of DNA adducts of BaP, a higher prevalence of
neoplastic and preneoplastic lesions in liver and bile ducts, a higher prevalence of tumors and
preneoplastic lesions on the skin and barbels, and a greater mortality rate of older individuals.???
Closure of the mill was followed by a reduction in exposure, a reduction in prevalence of most
lesions, and more normal rates of mortality.

Similarly, the exposure of English sole (Parophrys vetulus) to contaminated marine sediments
of Puget Sound was associated with increased tissue concentrations of PCBs and PAH, increased
MFO activity and elevated concentrations of tissue metabolites, increased prevalence of BaP DNA
adducts, increased prevalence of tumors, and decreased reproductive success.!®?25 These responses
could be replicated in laboratory exposures of fish to extracts of contaminated sediments.?

Most recently, numerous studies have demonstrated MFO induction in fish downstream of
bleached kraft pulp mill effluent (BKME) discharges. Induction coincided with reproductive impair-
ment due to changes in concentrations of serum steroid sex hormones during sexual maturation,
delayed age to maturity, reduced gonad size, and reduced fecundity.?¢? Early studies found a
correlation of effects with the discharge of chlorinated compounds in BKME, notably adsorbable
organic halides (AOX), PCDDs, and PCDFs.**-3> However, these responses did not disappear
following reductions in the discharge of chlorinated compounds,* and they were also found in fish
near mills that did not use chlorine.34-36

The interest in pulp mill effluents and the search for the compounds causing those effects has
led to standard bioassay protocols for MFO induction in fish exposed to effluents, extracts of
effluents, and single compounds. The logistics of handling large volumes of effluent stimulated the
miniaturizing of standard catalytic assays and the development of cell culture methods in place of
whole fish. As well, the problems of highly toxic effluent streams and the difficulties of exposing
fish to effluents in situ at remote sites has led to the adoption of semipermeable membrane devices
(SPMDs) as artificial samplers of MFO-inducing compounds. The rest of this chapter describes
these recently developed methods.

B. Fish Bioassays for MFO Induction
For bioassays of MFO-inducing compounds, fish may be exposed via injection, feeding, or

respiration, but uptake and distribution kinetics will vary considerably according to the route of
exposure. Hence, to monitor environmental effects, it is important to replicate the route of exposure
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of fish in situ. For short-term exposures to effluents, the primary exposure will be to waterborne
materials taken up via the gills from respiratory water flow. MFO activity increases with time of
exposure to effluents, reaching equilibrium within 48 to 96 h;*37 log (activity) increases linearly
with log (effluent concentration), often to a peak activity.>?’ Because peak activity occurs at
concentrations of effluent or pure compounds that are close to lethal, the decline in activity is likely
due to toxicity, either by direct inhibition of the enzyme or by cytotoxicity.?

Aqueous bioassays of MFO induction are no different than bioassays of acute lethality. The
extent of response will vary according to physical, chemical, and biological characteristics of the
test that affect exposure (e.g., the concentration and availability of test compounds), chemical
potency (e.g., structure), and the ability of fish to respond (e.g., temperature, dissolved oxygen,
pH, and size, age, and sex of fish®37%). Therefore, methods for bioassays of MFO induction in fish
should follow standard protocols for acute lethality tests (e.g., see Sprague*’). Accordingly, only
immature fish or fish of one sex and of a uniform size should be tested under conditions of constant
and optimal temperature, dissolved oxygen, pH, and conductivity; constant concentrations of test
substances; and low concentrations of excreted waste products of test fish. These conditions are
best obtained by constant or intermittent renewal of test solutions at a rate of 1 L of water for every
gram of test fish per day. These recommendations were developed for salmonids of about 1 to 2 g
each, and volume requirements may vary with species and fish size according to metabolic rate
per gram of fish.

Williams*! applied MFO bioassays on a large scale to compare the potencies of pulp mill
effluents, or fractions of effluents, for inducing EROD activity in juvenile 10 to 50 g rainbow trout
(Oncorhynchus mykiss). EROD activity was measured following the standard method of Pohl and
Fouts.*> He demonstrated that results were quite reproducible, both within his lab and between
labs. This bioassay was used by Schnell et al.*? to identify the sources within a pulp mill of MFO
inducing agents, and to demonstrate the removal of inducers by enhanced effluent treatment.
Williams’ protocol*! required fish 10 g or larger in order to generate sufficient liver for the assay
of EROD activity in 3 mL cuvettes. Hence, about 50 L of effluent per day was needed to expose
five 10 g fish at 1 L of solution per g of fish per d. Under these conditions, the availability and cost
of test effluents in experimental or monitoring programs become limiting.

Martel et al.’® also used this trout bioassay to compare potencies of effluents among mills with
different bleaching and pulping technologies. Due to the high cost of shipping effluents and a desire
to test “environmentally realistic” concentrations, these authors tested one fixed concentration of
10% effluent. There is a risk of false negatives in tests with only one effluent concentration. If the
concentration tested falls below the threshold concentration for induction or above the threshold
concentration for toxicity to induction, conclusions about the presence or absence of inducers and
about the relative potency of samples will be incorrect. False negatives can be avoided by testing
multiple concentrations to establish dilution-response curves and threshold concentrations. How-
ever, this alternative again requires large numbers of test animals and large volumes of effluent.

Gagné and Blaise* tried to circumvent the problem of fish size by pooling livers from 2 g trout.
They used the survivors of acute lethality tests to derive additional information about sublethal
responses to effluent exposure. However, the pooling of fish livers eliminated statistical compari-
sons, since the sample size for each treatment was one. Further, the inhibition of induction at near-
lethal effluent concentrations increased the risk of false negatives.

To standardize assay conditions, Martel et al.’” varied bioassay conditions to determine which
would most affect MFO induction. They found that activity decreased as loading rates (gram of
biomass per liter of test solution) increased, conforming to general practice in lethality bioassays.
Paradoxically, when loading rates were held constant, MFO activity increased with fish size. There
was no ready explanation of this observation, which might be a function of development and sexual
maturation. Alternatively, the diet of larger fish may contain inducing substances, or there may be
genetic differences among batches of fish.
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Feeding fish during bioassays may also affect the outcome. In one study, endogenous EROD
activity of trout declined after 48 h of fasting,” suggesting the presence of an inducer in the feed.
In a second report, fasting did not change absolute activity of control or -naphthoflavone (BNF)-
exposed fish, but variability of measured activity declined with fasting, perhaps due to reduced
levels of particulates associated with feeding and excretion that could sequester waterborne BNF.”
Other procedures, such as anesthetizing fish before sacrifice, do not affect the outcome of MFO
bioassays, and methanol may be used as a carrier for hydrophobic compounds added to water,
provided that concentrations do not exceed S mL/L (20% of the lethal level of 25.6 mL/L).°

C. MFO Enzyme Assays

MFO induction can be measured by assays of mRNA, CYP protein, or catalytic activity;®
enzyme activity is most commonly used and the least expensive. However, induction may occur
without increased activity if the enzyme is inhibited by the inducing compound or by the product
of the reaction, or if the enzyme was denatured through poor sample handling. Simple exposure-
response bioassays can detect and avoid bias caused by enzyme inhibition, but enzyme-linked
immunosorbent assays (ELISA) are a better measure of protein, and hence of induction, when
protein is denatured.* Another emerging technology is measurement of CYP1A1l mRNA with
reverse transcriptase competitive polymerase chain reaction (RT cPCR). In this method, mRNA is
copied to its corresponding cDNA which is amplified by PCR to concentrations that can be separated
and quantified by gel electrophoresis and ethidium bromide staining.*

CYP1A1 catalytic activity has usually been assayed with three substrates: BaP and diphenyl-
oxazole (PPO) for arylhydrocarbon hydroxylase (AHH) activity? and ethoxyresorufin for EROD
activity. Due to the hazards associated with using BaP as a substrate, most recent studies employ
the EROD assay. This assay has evolved from a method published by Pohl and Fouts*? and
summarized by Hodson et al.® In the majority of cases, liver samples are homogenized in four
volumes of ice-cold HEPES buffer and then centrifuged. The 9000 x g supernatant (S-9 fraction),
or the microsomes prepared from high-speed centrifugation (100,000 x g) of the S-9 fraction provide
the source of the enzyme.

Enzyme activity can be measured by incubating the S-9 fraction or microsomes in buffer
containing both substrate and cofactors, the reaction being initiated by addition of reduced nic-
otineamide adenine dinucleotide phosphate (NADPH).? Activity is measured fluorometrically since
both the substrates and their products fluoresce, although at different excitation and emission
wavelengths. Activity is usually measured kinetically, from the slope of fluorescence vs. time as
the reaction product is created, or as an endpoint, from the total fluorescence present after a fixed
reaction time.® Standard curves of the reaction product (e.g., resorufin for EROD activity) are
prepared to calculate a molar concentration, and molar concentration is divided by reaction time
to give activity per minute. Protein in the S-9 or microsomal fraction is also measured, since
dilutions are approximate when preparing homogenates, and variations in water, fiber, and lipid
content of liver can bias activities based on weight. Therefore, the final unit of measurement is
specific activity (pmoles of resorufin per mg protein per minute).

These methods typically employ standard 3.0 mL cuvettes, necessitating relatively large vol-
umes of reaction mixtures (1 to 3 mL), liver (100 to 500 mg diluted 1 in 4 with buffer), and
expensive substrates and cofactors; about one third of the material cost of an EROD assay is
attributed to NADPH. As indicated above, large volumes of liver require large fish (10 to 50 g),
larger tank volumes, and larger amounts of effluent or test compounds. All of these requirements
translate to higher costs for materials, equipment, and space.

For a monitoring or experimental program involving numerous treatments and samples, these
costs become excessive. The advent of microplate fluorometers using fiber-optic technologies for
excitation and emission has provided highly sensitive, semiautomated instruments for either kinetic
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or endpoint assays.”” A number of methods have been developed for these instruments, and the
kinetic EROD assay published by Hodson et al.® demonstrates the advantages.

In this method, liver is diluted from 1:20 to 1:50 when homogenized, and total reaction volumes
are only 110 pL in each well of a 96-well plate. Consequently, only 20 to 30 mg of liver is needed
for triplicate determinations of EROD activity because of the high dilution allowed by the instru-
ment’s sensitivity. Experimental costs are reduced because only small fish (1 to 3 g) are needed,
reagent volumes are five- to 15-fold less, and the instrument can repeatedly scan 96 wells per
minute to generate slopes of fluorescence vs. time. Using multiple plates, more than 100 samples
can be analyzed in triplicate, including standards, in less than a morning, a task requiring several
days using cuvettes. Savings in fish size generate savings in labor and cost associated with smaller
volumes of effluent (15 L/d for five 3 g fish) and encourage larger sample sizes for increased
statistical power. Storage space for frozen tissues is also reduced and samples spend less time in
storage.

In some enzyme assay protocols, protein can also be measured with fluorescing dyes that are
added to the same microplate wells and read with the microplate fluorometer.*® This saves time
and reduces error compared to pipetting further aliquots of S-9 fractions for protein assays by
cuvette or microplate assays with colorimeters.

The power and utility of these methods has been demonstrated by direct comparisons with
cuvette methods®*’ and by two round-robin comparisons among labs. In the first, 11 labs used
individual variants of the cuvette-based fluorometric technique of Pohl and Fouts*? to measure
EROD activity of 11 aliquots of homogeneous liver samples from white sucker (Catostomus
commersoni) captured at clean reference sites or sites contaminated by pulp mill effluent.** While
measurements of activity on the same samples varied considerably among labs, the ratios of
activities between induced and reference fish (i.e., EROD induction) were quite constant. Without
any attempts at standardization, these 11 labs could all discriminate treated from reference fish.

In the second round-robin, greater care was taken to standardize techniques, and 6 of 14
participating labs used microplate methods instead of the cuvette method.’® With three exceptions,
measurements of activity were remarkably constant among labs, and precision and performance of
microplate methods were as good or better than those of cuvette methods. Of the three labs that
did not perform well, one used a spectrophotometric method, which is relatively insensitive, and
the other two had not optimized their techniques.

Enzyme assays based on microplate fluorometers remove some of the barriers to effective
monitoring of effluents and make the testing of dilution series practical. However, even these assays
may require too much effluent or test substance. Valid bioassays use large volumes of test solution
to maintain the concentration of test substances despite uptake into fish; hence most of the substance
is not accumulated and is wasted. For testing highly purified materials such as effluent fractions
generated by HPLC,3! the cost of test material becomes prohibitive. Hence, test systems based on
in vitro cell culture are more practical, providing that in vitro tests are validated periodically against
in vivo fish tests. The next section of this review describes in vitro MFO bioassays using cells in
culture.

D. Summary

MFO induction in fish by industrial effluents can be measured using standard bioassay protocols.
Provided that solutions are changed daily to allow 1 to 2 L of solution per g of test fish per day,
four-day exposures will give reliable results with both standard test substances, such as fNF, and
effluents. Microplate fluorometers allow the MFO enzyme assays to be miniaturized and semi-
automated, which gives considerable savings in analytical time and in the overall cost of bioassays.
Most important, these bioassays require fish of only 1 to 3 g, which reduces the need for large
volumes of test effluents.
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Table 4.2 Performance of /n Vitro MFO Induction Assays

Detection Limit

Cells Enzyme Linear Range EC/ED,, (TCDD) (TCDD) Reference

Rat 1° AHH <10 pM-10 nM <10 pM (DMSO) 82
hepatocyte

Rat H411E AHH 376 pM (DMSO) 59,109-111

263 pM (DMSO) 19 pM (DMSO)'
20-380 pM 34 pM (isooct.) 7.6 pM (isooct)!
Rat H411E EROD 10-80 pM 17 pM 3pM 61,62
Rat H411E AHH 20- 260 pM 100 pM >12.4 pM 60,112,113
EROD

Rat H411E EROD 21-210 pM 47 + 16 pM 10 pM 2 64,114

Chicken embryo  AHH 79 pM EROD 78
hepatocytes EROD 24 pM AHH

Chicken embryo  EROD 1-100 pM 15 pM 0.9 pM 88,89
hepatocytes

Rat H411E EROD 6-120 pM 23.8 pM 68,76

RTL-W1 EROD 2-25 pM 15.3 pM about 2 pM 68,76

2-10 pM
PLHC-1 EROD 10-5000 pM 130 pM about 10 pM 73
HepaG2 101L - Luciferase <100 pM-1000 pM 100 pM 0.05 ng/g 92
sediment

Hepalicic7 Luciferase 5 pM-1000 pM 50 pM 50 pM 93

Hepaicic7 PAP 100-500 pM 350 pM 100 pM 91

Trout 1° liver EROD 2.5-100 pM 4 pM 80,115

! upper confidence limit of analyte free control.
2 Mean of blanks = 3 x S.D.

ll. CELL CULTURE ASSAYS

In vitro assays that use either cell lines or primary cultures of liver hepatocytes have been
developed to assay the presence and activity of MFO inducing compounds. The performance
characteristics of some of the assays are summarized in Table 4.2. Cells that have been isolated
from a parent tissue and maintained in a viable state in culture medium without being subcultured
are termed “primary cultures.” “Cell lines” are axenic cultures that have been subcultured
repeatedly’? and may be finite or continuous.”® Several readily available fish cell lines have a
functional MFO system.>*

As indicated in the previous section, in vitro MFO induction bioassays solve several practical
problems associated with their whole fish counterparts. They are less costly, logistically simpler,
and less labor intensive than whole fish tests. /n vitro assays allow a higher sample throughput, as
multiple tests can be run in a few microwell plates, and most in vitro techniques can be semiauto-
mated by means of liquid handling devices and automated plate readers. Many experiments that
would be difficult using whole fish bioassays are made possible by in vitro bioassays because
miniaturized tests radically reduce the amount of sample needed. /n vitro MFO tests also minimize
the use of live fish in screening and monitoring, thus alleviating concerns about animal welfare.

In vitro assays based on fish organs, isolated cells, or cell lines can provide much of the same
information as whole fish bioassays, particularly if there is a mechanistic link between in vitro
responses and known effects in live fish. In vitro exposures, however, bear little resemblance to the
complexities of natural or environmental exposures. Thus, they may not account for many absorp-
tion, metabolic, and pharmacokinetic processes in intact fish, and effects at the organism level.5*
Thus, data from in vitro assays often need confirmation by in vivo exposures.
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A. Early Cell Line Bioassays for MFO Inducers

The first cell line bioassays for inducers of CYP1A1 were developed as analytical tools for
detecting small amounts of 2,3,7,8-TCDD. Based on the H411E rat liver hepatoma cell line, those
assays could detect as little as 10 pM of 2,3,7,8-TCDD.>> The H411E assay has been used to
elucidate Structure Activity Relationships (SAR) for PCDDs,*® PCDFs,’” and PCBs.*® Generally
there is a good correlation between the ability to induce AHH or EROD activity and in vivo toxicity.
Such SARs are important in risk estimation and in the development of health and environmental
guidelines.

These assays have been reversed, i.e., the extent of induction caused by unknown mixtures has
been used to estimate the concentration of inducers in the mixture, based on the response to 2,3,7,8-
TCDD as a standard. Results are often expressed as the amount of TCDD-equivalents or Toxic
Equivalent Quantities (TEQs) present. The expression of potency as TCDD equivalents does not
imply that the mixture contained 2,3,7,8-TCDD; rather, the compounds in the mixture are as potent
as, or equivalent to, a certain amount of 2,3,7,8-TCDD. A less confusing unit is EROD potency-
equivalents (EROD potency-EQ), where TCDD is the standard but not mentioned in the units, and
toxicity is not implied, since the constituents causing the response are unknown. Nevertheless, the
following review uses the term TCDD-equivalents or TEQs because these were the units reported
in the papers cited.

B. Environmental Samples

Casterline et al.>® used the H411E assay to screen extracts of freshwater fish that were prepared
by fractionation on silica gel. Although the fractionation scheme was not optimized for the recovery
of planar HAHs, there was good agreement between the assay and the gas chromatography-electron
capture detector data. The H411E induction assay was later modified so that both EROD and AHH
activity could be measured in suspensions of whole cells, paving the way for microtiter plates and
miniaturization. The modified assay was used to screen extracts of 25 fish from the Great Lakes.%
Bioassay estimates of TEQs in fish from most lakes differed by less than twofold from TEQs
estimated from chemical analyses using gas chromatography-mass spectrometry (GC-MS). In
contrast, bioassay TEQs for fish from lakes Ontario and Erie were more than fourfold higher than
GC-MS derived values, perhaps due to synergistic effects or unidentified inducers.®

The H411E bioassay was systematically characterized and evaluated by Tillitt et al.%' using
EROD activity as an endpoint. The assay’s performance was validated for a set of bird egg extracts
spiked with 2,3,7,8-TCDD; the regression of observed vs. expected potency was 0.949. This
version of the H411E assay was used to screen extracts of eggs from colonies of Great Lakes fish-
eating birds,%? and to show that TEQs in chinook salmon (Oncorhynchus tshawytscha) were
transferred from mother to eggs.®® The Swedish Dioxin Survey’s evaluation of the H411E assay®
also showed good bioassay-derived TEQs for herring, and osprey samples were closely correlated
to TEQs estimated from chemical analyses by GC-MS. However, H411E data for whitefish did
not compare as well with GC-MS data, possibly because of interference by unidentified planar
compounds.

The H411E bioassay was also used to compare TEQs among white suckers caught near eight
pulp mills and five reference sites.®> Liver extracts of the fish were tested in the H411E bioassay
and analyzed chemically by conventional techniques. The bioassay-derived TEQs were highest in
fish caught near mills combining the kraft pulping process with chlorine bleaching. The bioassay
TEQs were strongly correlated to concentrations of PCDD and PCDF congeners, although extracts
from fish downstream of two mills that used little chlorine caused greater induction than predicted
by PCDDJ/F levels, suggesting the presence of other types of inducers.
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C. Fish Cell Lines

The use of mammalian cell cultures to predict the potency of chemicals in fish raises concerns
about possible interspecies differences in the induction process. Studies using recombinant cell
lines have shown interspecies differences in the functional response of the Ah receptor to ligands.%
Fish cell lines may provide more realistic estimates because the inducible MFO enzymes in fish
are limited to CYP1Al, in contrast to multiple inducible forms in mammals. There are also
important differences among species in ligand-Ah receptor binding affinities,” which may explain
species differences in congener toxicity and MFO induction potency. While 2,3,7,8-TCDD may be
the most potent congener in mammals, some pentachloro-congeners are more potent in fish.”?

Tritiated and photoaffinity ligands have been used to identify the Ah receptor in the rainbow
trout cell lines RTH-149% and RTG-2,° in a variety of teleost species, and in the topminnow
(Poeciliopsis lucida) cell line (PLHC-1).7" 3,3' 4 4'-tetrachlorobiphenyl, a coplanar PCB, could
induce EROD activity in a PLHC-1 bioassay, showing an exposure-response relationship from
0.01 uM to 0.1 uM TCBP after which the induced activity decreased;’? the decrease in activity was
not caused by cytotoxicity. The amount of induced protein, measured immunologically, continued
to increase up to 10 uM, indicating that inhibition or inactivation of the enzyme could lead to
underestimates of Toxic Equivalent Factors (TEFs) or TEQs. Direct quantification of the enzyme
protein, or its mRNA, may solve this problem.

Hahn et al.”® confirmed the utility of the PLHC-1 assay by assessing the ability of 2,3,7,8-
TCDD, CB-126, and CB-77 to induce EROD and CYP1A1 protein. As shown in Figure 4.1, EROD
activity again declined at lower exposure concentrations than did the protein. The estimated TEFs
for CB-126 and CB-77 were about an order of magnitude less when calculated on the basis of the
CYP1A1 protein rather than EROD activity.

Finnish researchers used the PLHC-1 cell line to detect MFO inducers in pulp and pulp mill
effluents.” Pulp bleached without chlorine caused the highest induction of EROD, suggesting that
chlorinated compounds may not be the sole inducers.

A nonhepatoma cell line, RTL-W1, that expresses inducible EROD activity has been developed
from rainbow trout liver,”> and was used to derive sets of TEFs for a series of PCDD/PCDF/PCB
congeners.%7¢ For the PCDD/Fs most of the RTL-W1-derived TEFs were substantially higher (2 to
8x) than H411E TEFs measured in the same laboratory, although the rank order potencies were
the same. The RTL-W1-derived TEFs correlated well with those previously reported for live fish,
such as orally dosed rainbow trout.'” Most important, they corresponded to TEFs based on chronic
toxicity of dioxin and furan congeners to larval salmonids. The potency of 1,2,3,7,8-pentachlorodi-
benzo(p)dioxin for MFO induction in fish cell lines and chronic toxicity to larval salmonids was
greater than that of 2,3,7,8-TCDD.

For both live fish and fish cell lines, fish-derived TEFs were higher than internationally agreed
factors (I-TEFs) established to assess dioxin risks to humans. For PCBs, H411E TEFs tended to
be higher than those from RTL-W1, particularly for the nonortho congeners, suggesting that TEFs
for assessing risks to fish would be more appropriately derived from fish-based assays. Thus, the
RTL-W1 cell line assay may be more useful than H411E assays for predicting which congeners
or samples would induce MFO activity in fish. Although the PLHC-1 assay responds at higher
concentrations of inducers than the H411E and RTL-W1 assays, its response signal is at least as
strong as that of the RTL-W1 assay.

D. Hepatocyte Assays for MFO Inducers
Many primary cultures of hepatocytes are responsive to MFO-inducing chemicals. Hepatocytes

from chicken embryos,””-™ rainbow trout, 38! and rat®? have been used to test complex mixtures of
chemicals and pure compounds. Methods for preparing primary cell cultures from various fish
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Figure 4.1 A) Assay calibration curves for the induction of EROD activity by 2,3,7,8-TCDD in the H411E and
RTL-W1 bioassays. (From Hahn, M. E., Woodward, B. L., Stegeman J. J., and Kennedy, S. W,,
Environ. Toxicol. Chem., 15, 582, 1996. With permission.) B and C) Induction of kinetically measured
EROD activity (B) and immunologically measured CYP1A protein (C) in the PLHC-1 bioassay by
2,3,7,8-TCDD (TCDD) and 3,3',4,4'5-pentachlorobiphenyt (CB-126), and 3,3',4,4'-tetrachlorobiphenyl
(CB-77). (From Swanson, H. |. and Perdew, G. H., Toxicol. Lett., 58, 85, 1991. With permission.)

tissues have been reviewed elsewhere,’*#? and cultured hepatocytes can be exposed in microwell
plates and assayed using kinetic and immunological techniques. Hepatocyte assays have been used
to assess the ability of pulp mill effluents to induce fish liver MFO enzymes*3:8!3485 and will likely
play a role in the identification of inducers in effluents and environmental matrices. Fluorescent-
labeled DNA probes have also been used to assess CYP1A1 induction at the transcriptional level
in rainbow trout hepatocytes, using flow cytometry as a detection method.*® Hepatocytes were
prepared in the standard manner and exposed in 24-well microplates to wastewaters from a major
urban discharge and effluents from a petrochemical plant and pulp and paper mills. The preliminary
data suggest the technique has promise as a screen for the presence of CYP1A1 inducers.

E. Calculation Methods

TEFs are usually expressed as the ratio of the EDy, or ECs, of 2,3,7,8-TCDD to the EDs, or
EC,, of the test chemical or mixture.®' If a sample’s maximum response is lower than that of TCDD,
or if maximum activity is not achieved, the estimate of TEQs can be inflated. Hanberg et al.%*
recommend that the TEF ratio be calculated from a point on a sample’s dose-response curve at an
EROD activity corresponding to the linear portion of the 2,3,7,8-TCDD calibration curve. If the
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sample and 2,3,7,8-TCDD have the same maximum response, comparisons can be made with the
EDj, value for 2,3,7,8-TCDD. Tillitt et al.®! suggest calculating TEFs by a slope ratio method which
is unbiased by any failure to attain a maximum response. Sample potency is calculated from the
ratio of the slope of its dose-response curve (EROD activity/uL extract) to the slope of the 2,3,7,8-
TCDD standard curve (EROD activity/pg of 2,3,7,8-TCDD).63:87

F. Miniaturization and Automation

In vitro MFO assays have been made more attractive by simplifying and automating several
assay steps. Kennedy et al. modified a chick hepatocyte assay to use with 48-well culture plates
that can be read directly in a fluorescence plate reader.?®%° Assay speed was increased by 100-fold
by eliminating two assay steps: harvesting and transfer of treated hepatocytes, and manual mea-
surement of fluorescence. The method’s excellent sensitivity (Table 4.1) was attributed to small
volumes of culture medium and high sensitivity of chicken embryo hepatocytes. Fluorescamine, a
protein probe, has also been incorporated in this assay so that both protein and EROD activity can
be measured in the same microplate.*

RTL-W1 and PLHC-1 assays have also been modified for 48-well culture plates.”"’s Special
care was taken in the PLHC-1 assay to ensure even distribution of cells in the assay wells. The
assay was systematically optimized for cell density, volume of culture medium, composition of the
reaction mixture, time course of induction, and the effect of cell passage number on responsiveness.
Extracts from individual wells were assayed immunologically using a Western blotting procedure.

G. Recombinant Cell Lines

Several promising bioassays based on recombinant cell lines can detect chemicals that bind to
the Ah receptor.’?3 These cell lines contain a reporter gene downstream of a DRE. When the host
cell’s Ah receptors are activated by a ligand, the reporter system activates the reporter gene. Since
the reporter construct is independent of the CYP1A1 catalytic system, it is not prone to inhibition
or inactivation artifacts. Assays based on recombinant cell lines should accurately reflect interspecies
functional differences in the Ah receptor because DREs are conserved among species.®7:%4%

El-Fouly et al. developed a recombinant cell line assay by stably transfecting mouse hepatoma
cells with a gene construct that used human placental alkaline phosphatase as the reporter gene.”!
The vector can also be transfected into cell lines derived from a variety of tissues and species,
including fish. Anderson et al. used a recombinant cell line based on a human liver cell line promoter
gene and a luciferase reporter system.’> The CYPIAI promoter gene, which retained three attached
DREs and was positioned upstream of the firefly luciferase gene, was stably transfected into the
human hepatoma cell line HepG2 and used to test extracts of aquatic sediments, porewater samples
from contaminated marine sediments, and a PAH mixture. Another recombinant cell line was used
to detect dioxin-like activity in an extract of pulp mill effluent and in a black liquor sample.”® Such
recombinant cell line assays should be adaptable for use with microplate readers making them
more suited to large-scale studies.

H. Future Research

There are subtle differences in the properties of the Ah receptor from various mammalian
species;® recombinant cell lines show that some compounds, such as 2,2’,5,5'-tetrachlorobiphenyl,
act as antagonists for the Ah receptor in a species-specific manner.®® Interspecies variations in the
functionality of the Ah receptor are probably best dealt with by batteries of multispecies tests, or
by using cell cultures derived from the species of interest. In vitro assays based on cell lines are
ideal for use in test batteries. More fundamental research is needed on the biological and environ-
mental significance of interspecies variations in the functionality of the Ah receptor.
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If TEFs are calculated from bioassays in which EROD activity is inhibited, estimates of exposure
to inducers, and hence estimates of risk, will be biased. Therefore, we need a better understanding
of the relationship between the induction of EROD activity and CYP1A1 protein. Sadar et al %
have reported that phenobarbital, which is not known to bind to the Ah receptor, can induce CYP1A1
activity and CYP1A1 protein in rainbow trout hepatocytes. The induction was additive when the
cultures were exposed to excess levels of 2,3,7,8-TCDD and phenobarbital; the authors suggested
the existence of an alternative mechanism for CYP1A1 induction. The ability of some target
compounds and environmental samples to induce EROD and CYP1A1 protein should be confirmed
in receptor binding assays or in bioassays that are highly specific for the liganded Ah receptor,
such as recombinant cell line assays. Sidhu et al. described a promising laser cytometer technique
for the observation and measurement of in situ CYPIAL1 activity in intact single celis®’. This
technique could become a powerful means of unraveling subcellular processes.

. Summary

In vitro MFO induction assays are cost effective, well suited to large numbers of samples, and
allow multiple simultaneous assays without boosting costs. They integrate additive, synergistic, or
antagonistic effects that occur in complex mixtures of chemicals and provide an overall estimate
of the mixture’s potency. In combination with cell culture assays for other responses such as
vitellogenin induction, toxicity, membrane disruption, or oxidative stress, in vitro techniques will
play a key role in elucidating the mechanisms of MFO induction, and help to unravel the links
between Ah binding, MFO induction, and other subcellular processes.

Il. SPMDs

Semipermeable membrane devices (SPMDs) were developed by Huckins et al.® as passive
in situ samplers containing purified triolein, a substance that constitutes a major fraction of the
neutral lipid of fish. When immersed in water, SPMDs absorb water-insoluble chemicals with log
K., > 1, size < 10 A, and a molecular weight of about 600 or less. These characteristics correspond
to those of known MFO-inducing compounds, so that SPMDs can be used to collect inducers from
effluents or surface waters.

Standard SPMDs are 91 cm long x 2.5 cm wide low-density polyethylene layflat tubes (wall
thickness 0.80 um) containing 1 mL (0.915 g) of high purity (95%) synthetic triolein. Freely
dissolved neutral organic chemicals diffuse through pores in the polyethylene membrane and
dissolve in the triolein, simulating the diffusion of compounds across a live fish gill membrane.*®
The lipid can be analyzed by traditional chemical techniques to give a list of chemicals absorbed,
their concentrations in the SPMDs, and by back-calculation, their concentrations in water or
sediment. Because SPMDs accumulate organic compounds in a fashion similar to live fish, tissue
concentrations in fish from the site can also be estimated and compared to toxicity data for individual
chemicals, to determine the potential for adverse effects. However, the actual biological activity of
the complex SPMD mixture remains unknown unless tested by bioassay.

The use of SPMDs as concentrating devices for biological testing is relatively new, although
research is expanding the types of tests used and the applications of the technique. The advantage
of bioassays of SPMD extracts is that measured potency expresses all potential mixture interactions.
Further, if specific classes of chemicals such as MFO inducers are monitored with SPMDs, bioassays
of extracts provide a rapid and inexpensive way to identify those samples needing expensive
chemical analyses. SPMD extracts have been successfully used in the Microtox® and Mutatox®
assays to concentrate toxicants and mutagens from urban stream water, Antarctic sediments, and
PAH-spiked sediments.”-1%'" Huckins et al.!> have used SPMDs to concentrate organic chemicals
from marine sediments for toxicity tests on Mysidopsis bahia and Ampelisca abdita. Recently,
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SPMD extracts from the Detroit River and Lake Erie have been used for SOS chromotest, Daphnia
magna lethality tests, and Japanese medaka (Oryzias latipes) embryo toxicity tests.'®

SPMD:s have several benefits over water sampling and fish caging for monitoring the presence
of specific compounds:

1. SPMD:s provide time-integrated samples. Deployments of 6 d or longer provide a representative
sample that is less vulnerable than a single grab sample to bias caused by pulses of chemicals.

2. SPMDs are easy to handle and deploy. They can be made to any size, shipped by mail, and deployed
from shore, by wading, or from any size boat. To monitor chemicals in effluents or surface waters,
SPMD:s require much less effort than sampling and extracting water, caging fish in situ, or exposing
fish to samples shipped to the lab.

3. SPMDs can tolerate extreme conditions. They can be deployed in wastewaters or effluents that
would kill bioassay fish due to toxicity or to extremes of temperature, pH, oxygen, or suspended
solids.

The disadvantages of SPMDs relate to membrane selectivity and the validity of substituting
SPMDs for fish: only freely dissolved neutral organic compounds are sampled. While this selectivity
mimics that of a fish membrane, SPMDs lack the active and facilitated transport processes of a
living membrane. Charged ions are not taken up due to resistance to passage through the neutral
polymer membrane, and SPMDs cannot metabolize labile compounds. While this is an advantage
for analytical detection, it must be recognized that compounds accumulated by SPMDs may not
be accumulated to the same extent by living organisms, because the organisms may have the ability
to metabolize and excrete the chemicals. SPMDs also mimic only the waterborne uptake of
chemicals into an organism. If the food chain is the main source of chemical uptake, SPMDs will
not predict bioaccumulation.

Analysis of the extracts of SPMDs by MFO assays using in vitro cell culture was initiated by
Don Tillitt of the Environmental and Contaminants Research Center, Columbia, MO.?® Measuring
MFO induction by SPMD extracts can enhance understanding of the chemical properties of the
inducing substance. The maximum EROD activity observed in cells gives clues about the type(s)
of inducing chemicals: PCDDs and PCDFs cause high maximum EROD activity while PAH-type
inducers cause lower maxima. Reactive clean up of extracts can also identify which classes of
chemicals are responsible for MFO induction because H,SO,/silica columns destroy labile PAHs
(and MFO induction in cell culture) but not PCDDs and PCDFs.

A. Factors Affecting Chemical Accumulation by SPMDs

The accumulation of compounds within SPMDs is complex and related to each compound’s
octanol-water partition coefficient (K,,) and molecular size. Uptake rates can be expressed as the
liters of water sampled by the SPMD per day. For naphthalene the rate of sampling is about
0.3 L/day, and the time to reach 90% of equilibrium concentration is 7 d.* The low sampling rate
reflects the low K, of naphthalene: the small molecular size allows easy passage through membrane
pores, but limited solubility in triolein means equilibrium is reached rapidly.

The higher the K, the more compound will accumulate in triolein, and the longer it will take
for concentrations to reach equilibrium with the concentration in water. Phenanthrene, with a higher
K, than naphthalene, requires longer to reach equilibrium (21 d) and the sampling rate is about
4 L/day, while chrysene and pyrene are sampled at about 5 to 6 L/day.”® For compounds larger than
chrysene and pyrene (four aromatic rings), size becomes a limiting factor. The high K , favors
accumulation of the compounds in the triolein, but molecular size impedes rapid transfer through
pores in the polyethylene membrane, and accumulation is slowed. SPMDs concentrate large PAHs,
such as BaP and benzo[g,h,i]perylene, at rates of about 3.7 and 2.2 L/day, respectively.”®

Because of the long time to reach equilibrium, over 21 d for PAHs larger than phenanthrene,
MFO inducer(s) concentrated by SPMDs in short deployments (6 to 14 d) are probably not in
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equilibrium with water concentrations, but this should not affect conclusions about relative poten-
cies. Deployments of one to two weeks are sufficient to concentrate inducers. During this time,
chemicals diffusing into SPMDs are in the linear portion of the uptake phase, so comparisons of
uptake can be made among studies. For example, potencies of SPMDs deployed for 6 to 7d in
pulp mill effluents can be doubled to roughly compare with potencies of SPMDs deployed for 14 d.

Flow and current speed of effluent over SPMDs vary among field deployment sites. The water
velocity past the membrane does not influence the concentrations of inducers in the SPMDs, as
the rate-limiting step for uptake of compounds into the SPMDs is membrane transfer.”® In field
studies, it is not difficult to ensure that water flow past SPMDs is greater than the highest sampling
rates (about 6 L/day) reported for four ring PAHs.” Hence, site to site differences in flow should
not affect SPMD uptake of inducers from effluents and wastewaters. In laboratory studies of SPMD
uptake of inducers from effluents, the volume of solution should exceed the highest sampling rates.

Fouling of the membrane will also affect sampling rate, but effects are not as dramatic as
expected after visual examination of fouled membranes. Huckins et al.*® left SPMDs in the Upper
Mississippi for 58 d and removed the fouled membranes to laboratory water to study their uptake
properties. Uptake of phenanthrene in the fouled membranes was 35% less than uptake into unfouled
membranes. While fouling would slow uptake of compounds from effluents and river waters, this
effect would be minimal in deployments of less than 14 d. The effect of slight membrane fouling
would be to underestimate potency of the effluents and wastewaters to an unknown degree.

Water temperatures vary among sampling sites, a factor that affects uptake of certain classes
of chemicals by SPMDs. Huckins et al.” found a 1.3- to twofold increase in rate of uptake of
organochlorine pesticides with every 5°C increase in temperature. They proposed that the temper-
ature effect is due to increased molecular diffusion and polymer free volume, which permits
pesticides to more easily enter membrane pores. However, the temperature effect was not consistent;
for more rigid molecules such as PAHs, the effect is minimal.**!%* Because compounds that cause
MFO induction (e.g., PCDDs, PCDFs, PAHs) are planar and rigid, their accumulation by SPMDs
should not be biased by temperature variation.

B. Monitoring with SPMDs

Deployment devices are chosen to suit the location: plastic laundry baskets, metal rotisserie
baskets, or fiberglass mesh tubes for calm conditions, and weighted steel tubes for fast-flowing
rivers. In the lab, SPMDs can be suspended in barrels of stirred effluent or in glass aquaria with
fish. Upon removal, SPMDs are cut from deployment devices, sealed in clean paint tins and frozen
until extraction and biological analysis in the laboratory.

During deployment, precautions must be taken to prevent contact of SPMDs with contaminated
field equipment. Gloves are used while handling SPMDs and deployment devices, and deployment
should be as rapid as possible to reduce exposure to air and contaminants during handling. SPMDs
exposed to air and handled for the same amount of time as deployed SPMDs, but then immediately
resealed in the can, are recommended as trip blanks.

In the laboratory, external fouling of SPMDs is removed by scrubbing in water prior to methanol
and hexane rinses. Membranes are dialyzed for 48 h at 19°C in 1 L hexane, which is subsequently
rotary evaporated to about 5 mL and filtered through anhydrous sodium sulfate. The eluent is
concentrated to 1 mL under nitrogen, and the compounds of interest separated by size exclusion
high pressure liquid chromatography (HPLC). The HPLC fraction collected is rotary evaporated
to about 5 mL, solvent exchanged with trimethyl pentane to a volume of 1 mL, and concentrated
to 200 uL. The concentrate is dosed to cells in culture, such as PLHC-1 or H411E cells” for
bioassays of EROD induction to estimate the concentration of MFO inducers in the extract.

PLHC-1 bioassay procedures are a slight modification of the H411E bioassay methods for 96-well
microtiter plates described in Tillitt et al.! PLHC-1 cells are dosed for 72 h with sample extracts or
standards in isooctane or DMSO, and EROD activity is determined fluorimetrically. Testing EROD
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induction in fish cell lines exposed to SPMD extracts before and after destructive clean up on a
silica-acid column will determine whether the primary compound(s) causing induction were PAHs.
The concentration of inducers is expressed per g SPMD, based on the whole weight of the
SPMD (5 g; the 4 g polyethylene membrane and the 1 g of triolein both absorb the accumulated
compounds). The units are in pg TCDD equivalents per g SPMD, calculated by comparing EROD
activity induced by the extract to the EROD activity induced in cells exposed to 2,3,7,8-TCDD.

C. Experimental Applications of SPMDs

SPMDs have been deployed in a variety of pulp mill and refinery effluents and in river waters,
both in the field and in the lab.%%105-107

In the lab, SPMDs were placed in 200-L barrels of BKME at 15 to 22°C for 6 d, with fresh
effluent renewed every 2 d. They accumulated MFO inducers within 4 d.1951% Dialysates were run
through a reactive cleanup column (H,SO,/silica gel) and retested for induction potency in PLHC-1
cell cultures to determine the types of compounds causing induction in the SPMD extracts. SPMD
extracts that were passed through a H,SO,/silica column did not induce EROD, while precleanup
extract contained potent MFO inducers (400 to 500 pg TCDD/g SPMD!%). This suggests that the
inducer(s) was not a dioxin or furan-type of compound, as these chemicals would have passed
through the H,SO,/silica column. Destruction of the inducer by the reactive column suggests a
more labile type of inducer, such as a PAH.

Lab experiments tested SPMD uptake of MFO inducers from solutions of black liquor (0.0032,
0.01, or 0.032%) or BNF (10 ug/L) and compared induction in fish cell lines exposed to SPMD
extracts to induction in small rainbow trout exposed to the same solutions. SPMD extracts dosed
to fish cells show similar MFO induction as live fish that had been exposed with the SPMDs.
SPMDs and small rainbow trout placed for 4 d in solutions of black liquor or BNF detected MFO
inducers. Solutions that induced fish EROD tenfold, when concentrated by SPMDs and tested in
PLHC-1, contained 27 (black liquor) to 178 (BNF) pg TCDD-EQ/g SPMD.1%®

Both fish and fish cells exposed to SPMD extracts showed dose-related increases in EROD
activity with increasing concentrations of black liquor; the live fish appeared more sensitive than
PLHC-1 cells.!® BNF was concentrated by SPMDs, and induced PLHC-1 more than live fish. The
differences in sensitivity may be due to variability in fish EROD activities, differences in how SNF
and black liquor are processed within fish, the preferential concentration of BNF from solution
compared to inducers in black liquor, differing sensitivities of rainbow trout and topminnow to
MFO inducers, differences between cell line and whole organism responses, or any combination
of these factors. In short, fish and PLHC-1 cells dosed with SPMD extracts appear to respond
similarly to solutions of inducers, but much more comparative work is needed to assess the extent
of the similarities and causes of any differences.

In the field, SPMD uptake of inducers was tested over 6 d at several sites along the 15 km
effluent stream of a bleached kraft mill and at one site on a control stream. SPMDs accumulated
the highest concentrations of inducers prior to or in secondary treatment ponds, up to 2600 pg
TCDD-EQ/g SPMD.!% SPMD induction potency decreased as deployments were farther from the
source. SPMDs 5 km downstream contained 165 to 268 pg TCDD-EQ/g SPMD, while those 15 km
downstream contained 115 to 212 pg TCDD-EQ/g SPMD.

SPMDs can be used to trace the source and production of MFO inducers throughout the pulp
mill process. SPMDs immersed for 14 d in effluent streams from several stages of a bleached sulfite
mill accumulated more MFO inducers from effluent prior to clarification and secondary treatment
(8,895 pg TCDD-EQ/g SPMD). SPMDs from the secondary treatment ponds contained 302 and
743 pg TCDD-EQ/g SPMD, while those early in the pulping process, in the effluent from the
hypochlorite bleaching stage, or from the extraction stage, contained no detectable inducers.

In Alberta, SPMDs were deployed for 14 d in pulp mill and refinery effluents and in the
Athabasca and Lesser Slave Rivers upstream and downstream of those effluents. Extracts of SPMDs
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held in effluents from secondary treatment ponds of the four pulp mills contained only 23 to 62 pg
TCDD-EQ/g SPMD. In the same study, SPMDs deployed for 14 d in oil sands mining and refining
wastewater contained over 16,000 pg TCDD-EQ/g SPMD.!% SPMDs deployed in river waters in
the oil sands area around Fort McMurray, Alberta, concentrated more MFO inducers (up to 728 pg
TCDD-EQ/g SPMD) than SPMDs deployed in the Athabasca River upstream of the oil sands area
(about 13 pg TCDD-EQ/g SPMD). It is possible that natural erosion or seepage from the oil sands
contributes MFO inducers to the Athabasca River.

Villeneuve et al.'%” used SPMDs to concentrate PAHs from Lincoln Creek, a small urban creek
in Milwaukee, Wisconsin. Extracts of SPMDs deployed for 2 to 30 d induced EROD in PLHC-1,
and the log TCDD-EQ was correlated with total PAH concentrations (12 = 0.80). SPMD extracts
were potent EROD inducers, containing 2200 pg TCDD-EQ/g SPMD after 14-d exposures.!?’
Comparisons of extracts between SPMDs exposed during low or high flow conditions showed
greatest potency during floods, suggesting that inducers were released from sediments and carried
in urban runoff during storm events.

Whether the inducer is similar to a PAH, PCDD, or PCDF can be ascertained by the maximum
EROD activity in PLHC-1 or other cell lines. SPMDs deployed in a small urban stream suspected
to be contaminated with TCDD, contained compounds that induced H411E EROD activity by more
than 50 pmol/mg/min, activities typical of 2,3,7,8-TCDD standards. This suggested the inducer
present in the SPMDs was a PCDD or PCDE.* Conversely, PLHC-1 exposed to extracts of BKME-
exposed SPMDs show induction maxima of 10 to 20 pmol/mg/min, typical of PAHs.%%105

D. Conclusions

SPMDs accumulate compounds that induce MFO activity in vitro. These samplers are easy-to-
use, time-integrative concentrating devices that can withstand conditions unsuitable for fish caging.
SPMDs can detect spatial gradients of MFO inducers and can be used to detect where MFO inducers
are produced in industrial processes. Reactive columns and maximal MFO responses of the cells
also give clues as to the nature of the inducing compound. Preliminary studies show that compounds
that induce MFO in fish will also induce MFO in fish cell lines dosed with extracts of SPMDs
exposed to solutions of these compounds.

E. Future Applications

SPMDs are a useful tool for the concentration of natural lipophilic organic substances. Their
best use is for screening, preliminary assessment, and for studies of the presence and distribution
of MFO-inducing compounds, or organic chemicals in general. Several features of SPMD’s con-
centration of MFO inducers are unknown. The use of SPMDs within industries appears useful, but
should be examined more closely. It is unknown whether the severe conditions found in many of
the in-plant process streams (pH 12, 60°C) may affect uptake of inducers. MFO inducers are
relatively lipid-soluble, nonpolar molecules, so their concentration by SPMDs is feasible. If toxicity
or mutagenicity were the endpoints of interest, SPMDs may not concentrate charged or less
lipophilic mutagens or toxicants. More work is needed to relate induction of MFO in cell lines
exposed to SPMD extracts to MFO induction in fish exposed to similar solutions. SPMDs are a
relatively inexpensive and simple tool for estimating concentrations of MFO inducers in water.
However, they cannot replace fish caging studies or surveys of wild fish, as they fail to integrate
ecosystem and habitat effects. SPMDs can provide preliminary data on presence of MFO inducers,
and can be used to rank sites or effluents for further study. They are useful for assessment of
effluents under extreme conditions where fish could not survive. Their advantages ensure continued
and expanded use of SPMDs as samplers. Rather than replacing current bioconcentration and caging
tests, these devices will add another approach to sampling and concentrating lipophilic contaminants
for biotesting.
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IV. SUMMARY

This review has described practical methods for measuring the presence in effluent of com-
pounds that induce the activity of CYP1A1 enzymes. These methods enable the assessment of:
bioavailability of inducing compounds (fish MFO induction assay); amounts extractable from
liquids, solids, or biota (cell line MFO induction assays); and total amounts present in effluents
that would be toxic to fish or difficult to extract by liquid—liquid or liquid—solid methods (SPMDs
combined with cell line assays). With this suite of tools, experiments on the sources, fates, transport,
forms, and effects of MFO-inducing compounds are much more practical. While these tools have
hastened research in these areas, it is clear that new techniques are emerging, particularly with
genetically engineered cell lines. The cost, detection limits, and practicality of methods for detecting
inducing compounds will continue to improve.
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I. INTRODUCTION

Enzymes are known to play a crucial role in the metabolism of all organisms. Therefore, we
must turn our attention to enzymatic analysis. The following paper presents two applications of
enzymatic analysis considering toxic effects in aquatic systems. On one hand, enzymes can be used
as biologic catalysts for the determination of reactive substances, e.g., biological compounds or
substances influencing biological reactions, i.e., coenzymes, drugs, pesticides etc., and so take part
in the metabolism of living cells. In this respect enzymatic analysis is a division of analytical
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chemistry! and described as enzyme systems in vitro using commercially available enzymes. On
the other hand, the determination of the catalytic activities of enzymes in various biological matter
is useful for diagnostic purposes. Alteration of enzymatic activities determined by an in vivo fest
system — for example, the direct determination of enzyme activities of a microbial population in
water samples — can be used to identify toxic effects in the ecosystem. Thus, several authors are
convinced that the functioning of an aquatic ecosystem, e.g., seas, oceans, or rivers, cannot be
understood without the participation of enzymatic processes.>>*

In vitro enzyme systems are used as diagnostic aids in medical laboratories to determine blood
constituents and activities of catalytic enzymes. In food chemistry, carbohydrates, organic acids, and
alcohols are quantified by enzymatic analysis.! For these applications the commercially available
enzymes are stabilized to guarantee the optimal substrate turnover without being influenced by
matrix. The enzyme tests which are introduced in the following pages are based on the specific
inhibition of the enzymatic reaction by single substances or specific groups of substances. Those
tests are widely used to screen for high efficiency in the field of developing new pesticides and new
pharmaceutics. (Unfortunately they are not published.) But they can also be used to detect inhibitors
of the enzymes. The three tests described — acetylcholinesterase inhibition test, aldehyde dehydro-
genase inhibition test, and urease inhibition test — can be used as screening tests in aquatic systems.

Strong inhibitors of acetylcholinesterase are esters of phosphorous acids and carbamates,’¢
which are used worldwide as insecticides.”® This specific inhibition can be used to screen environ-
mental samples for phosphorous acetic acids and carbamates.” The inhibition of acetaldehyde
dehydrogenase in human cells, known as the Antabus-Effect, is performed by calcium cyanamide,
an artificial manure, or tetramethylthiuram disulfide, a medication against alcohol abuse.’> The
inhibition of acetaldehyde dehydrogenase in environmental samples indicates fungicides of the
ethenbithiocarbamate type. The urease of living cells is very sensitive to heavy metal.’®!! The
sensitivity of the isolated enzyme can be used to detect heavy metals in the environment.

Though the isolated enzymes are very sensitive to special inhibitors, the measured inhibition
cannot exclude unspecific inhibition by other substances. Therefore those tests are screening tests
demanding further chemical identification of the inhibitor.

The capability to measure enzymatic activities in vivo in water samples is mainly based on
degradation processes of contaminants by microorganisms. Microorganisms degrade natural and
anthropogenic contaminants in water enzymatically for their own anabolism and the production of
energy. They catabolize the water contaminants extracellularly by exo-enzymes or they transport them
into the lumen of the cell for intracellular metabolism. Thus, the bacterial activity has a strong influence
on the concentration and speciation of dissolved organic molecules in water.>!* The determination of
enzymatic activities in vivo is therefore an indicator for microbial degradation of water contaminants
and allows the control of natural biological purification processes in water samples.

Recently, the importance of enzymatic processes in aquatic habitats has received increasing
recognition, and the methods proposed are now well established.’>?? Enzyme activities of the
microorganisms in a water system are simple to measure with biochemical methods. These are
based on the application of chromogenic or fluorogenic model substrates to the native water samples
and their enzymatical cleavage. They have become a powerful tool for investigations into the
biological processes mentioned above.!$2223 Sometimes, however, pollutants inhibit the microbial
enzyme activities and thus impair the effectiveness of the enzymatic transformation and degradation
of water contaminants.!>?325 As a result of our work in Germany, the following chapter describes
only a few examples of our experiences and of the application of irn vitro and in vivo enzyme tests.

il. METHODS
A. In Vitro Enzyme Activity Tests

The tests are based on measuring the activity of a specific solvated enzyme of defined concen-
tration and purity in a water sample. To detect an inhibitor it is necessary to register the uninhibited
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enzymatic activity as well as the enzymatic activity inhibited by a known and powerful inhibitor.
To detect inhibitors in the aquatic ecosystem in concentrations as low as possible, the test conditions
are chosen to optimize the inhibitory effect.

1. Description of the Acetyicholinesterase Inhibition Test

The test is based on the cleavage of the substrate acetylthiocholine iodide into thiocholine and
acetic acid by acetylcholinesterase.?® Thiocholine reacts with Ellman’s reagent (5,5'-Dithio-(2-nitro
benzoic acid) to 5-thio-2-nitrobenzoic acid, a dye photometrically measurable (wavelength
420 mn).?’ The test protocol described below refers to the German Industry Norm (DIN).2

The test has to be carried out in four steps:

Step 1: Concentration of insecticide phosphorous acid esters and carbamates in water samples to
increase the sensitivity (concentration factor of 14):
Adsorb 20 mL of the sample on a column filled with an adsorbing resin (EXTRELUT®.
Elute with 80 mL of dichloromethane for about 30 minutes.
Concentrate in a rotating evaporator 40°C and dry in a stream of nitrogen
Dissolve the residue in 1 mL of deionized water

Step 2: Oxidation of thiophosphorous pesticides increases the toxicity of these substances toward the
cholinesterases®
Oxidate with N-bromosuccinimide (0.05 mL of a solution of 400 mg/L)
Reduce residual bromosuccine with ascorbic acid (0.05 mL of a solution of 4 g/L) in a phosphate
buffer (1.5 mol/L, pH 7.2)

Step 3: (Inhibition test)
Incubate the enzyme (0.1 mL of acetylcholinesterase (800 U/L)) with the concentrated and
oxidized sample (0.05 mL) for half an hour at 25°C (inhibition mixture).

Step 4: (Enzymatic reaction)
2.9 mL of phosphate buffer (0.05 mol/L, pH 7.2) plus 0.1 mL acetylthiocholine iodide
(78 mmol/L) and 0.1 mL reagent 5,5 -Dithio-(2-nitrobenzoic acid) (7.8 mmol/L)
Incubate for 10 min at 25°C
Add 0.1 mL of the inhibition mixture (starting the reaction)
Measure the extinction E; 2 min after starting the reaction
Monitor the extinction after 30, 60, and 90 sec.

If the difference in the extinction of two consecutive measurements is almost constant, the
average value is taken to calculate the enzymatic activity. All substances and cuvettes have to be
equilibrated to 25°C. During the enzymatic reaction, this temperature must be kept constant.

For a single substance, the inhibitory effect on the enzyme can be expressed as the inhibition
constant K; in L x mol~! x min~'. The higher the constant, the more toxic the substance is. Because
the measured inhibition effect depends not only on the concentration of a single substance but
might also depend on the interfering effects of a mixture of substances with different toxicities,
the result cannot be given as a sum of concentrations in mg/L. The toxicity of a reference
substance — paraoxon — has to be used as a standard. Therefore the inhibitory effect measured
in the test is given as “equivalents of paraoxon” in ug/L.?

2. Description of the Aldehyde Dehydrogenase Inhibition Test

Aldehyde dehydrogenase oxidizes acetic aldehyde to acetic acid. Because the reduction of NAD
to NADH is coupled to this reaction, the enzyme activity can be measured by the increasing
extinction of NADH.

* Registered trademark of Merck AG, Darmstadt, Germany.
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Table 5.1 Aldehyde Dehydrogenase Inhibition Test: Test Protocols
for Cuvettes and Microtiter Plates

Cuvettes Microtiter Plates
Control  Deionized water 1900 uL 100 uL
Phosphate buffer 1000 uL (96 mm) 50 uL (95 mm)
Enzyme 20 uL (24 ULL) 10 uL (12 U/L)
Substrate 100 pL (73 um) 50 uL (26 um)
Sample Deionized water 900 uL —
Sample 1000 pL 100 pL
Phosphate buffer 1000 uL (96 mm) 50 pL (95 mm)
Enzyme 20 pL (24 U/L) 10 uL (12 U/L)
Substrate 100 pL (73 um) 50 pL (26 um})
Coenzyme 100 uL (1.57 mm) 10 uL (0.75 mm)

Data from Wiegand-Rosinus, M., Untersuchungen zur Hemmbarkeit von
Enzymes in vitro durch Pestizide, Doctoral Thesis, Fachbereich Biologie,
U. Johannes-Gutenberg-Universitat, Mainz, 1991.
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Figure 5.1 Substrate turnover per time. (From Wiegand-Rosinus, M., Untersuchungen zur Hemmbarkeit von
Enzymen in vitro durch Pestizide, Doctorial Thesis, Fachbereich Biologie d. Johannes-Gutenberg-
Universitat Mainz, 1991.)

The dissolved enzyme is incubated with the water sample for half an hour. The enzyme reaction
is started with NAD; the developing NADH is monitored for almost 2 hours. The detailed parameters
of the test protocol are presented in Table 5.1.3! Besides the sample itself, it is necessary to measure
a control sample which is the uninhibited enzyme activity, a blank containing enzyme and coenzyme
in buffer, and a sample blank containing sample, enzyme, and coenzyme in buffer as well. The
substrate is the rate-limiting parameter shown in the kinetic reaction in Figure 5.1.3! The turnover
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Table 5.2 Urease Inhibition Test

Sample 4.96 mL
Urea (50 mg urea in 50 mL water) 0.1mL R 100 uL
Acetate buffer (0.2 mol/L, pH 5.0) 0.04 mL i

Urease solution (400 ug/L) 50 uL

v

incubate for 15 min

Phenol 649

Sodium penta cyano nitrosy! ferrate (lil) 0.02 g

Buffer pH-12 (30 g trisodium phosphate dodecahydrate, — 60 ul
30 g sodium citrate, and

3 g EDTA per 1 L deionized water) 100 mL

Hypochlorite solution (16 g sodium hydroxide and
7.0 mL sodium hypochlorite containing —> 90 ul
12-15% chlorine ions are solved in 1 L deionized water)

incubate for 1 hour at 25°C

Data from Wittekindt, E., Werner, A., Reinicke, A., Herbert, A., and Hansen, P.-D., Environ. Technol.,
Vol. 17, 597, 1996.

of the whole substrate should be accomplished within 20 minutes. The shape of the inhibition curve
depends on the inhibitor and/or on its concentration. Because the velocity of the turnover can be
decreased and/or the turnover itself is incomplete, the evaluation of the results can be done in
different ways. One way is to consider only the decreased turnover rate announcing the concen-
tration of inhibitor which causes a certain inhibition (20, 50, 80%) at 20 minutes reaction time;
another is to measure the NOEC (no observed effective concentration) of the inhibiting substance.

3. Description of the Urease Inhibition Test 32

Urease catalyzes the cleavage of urea to ammonia. Ammonia can be detected by phenol-
nitroprussite, resulting in a blue color. The detailed description of the test schedule can be found
in Table 5.2. The extinction of the blue dye is measured at 630 nm. The degree of inhibition is
tested by dilution series to yield dose effect curves. It is necessary to measure the enzyme reaction
without inhibition as an activity control and the inhibitory effect of a strong inhibitor of urease,
e.g., of mercury, as a positive control.

B. In Vivo Enzyme Activity Tests

The applied methods for measuring enzyme activities in vivo are based on the addition of
chromogenic or fluorogenic substrates to the native water samples. After incubation under stan-
dardized test conditions, the color of the enzymatically cleaved dyes is measured spectrometrically,
and the results are calculated by the aid of calibration curves. In order to confirm results and to
carry out numerous tests with dilutions of the samples, the tests are modified to an application on
microtiter plates.>> Several test protocols are available for measuring the activities of many steps
of the microbial metabolism such as phosphatases, o-glucosidases, B-glucosidases, cellulases,
peptidases, and so on (Table 5.3). According to the experiences we have gained in Germany in the
last few years, in most cases esterase, alanine-aminopeptidase, and B-glucosidase activities were
able to be measured. The detailed description of the test procedures is presented in Table 5.4.2238
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Table 5.3 Test Protocol for Measuring Esterase, Alanine Aminopeptidase,
and p-Glucosidase Activities

Alanine
Esterases Aminopeptidases p-Glucosidases
Volume of the samples 200 ulL 200 uL 200 pL
per assay
Substrate Fluorescein-diacetate L-Alanine-4-nitroanilide  4-Nitrophenyl-$-b-
hydrochloride glucopyranoside
Concentration of the mol/assay mol/assay mol/assay
substrate per assay 24 x 108 1.2x 107 3.32x 108
Incubation time 24 h 24 h 24 h
Iincubation temperature  room temperature 30°C 30°C
Stop-reagent 40 uL Trichloraceticacid 40 pbL Sodium
(10%) carbonate solution
Wavelength 490 nm 405 nm 405 nm

Data from Wessler, A., Damgen, K., and Obst, U., AWWA Conference Proceedings of 1995 Water
Quality Technology Conference, 905-919, 1995.

C. Detection of Inhibition Effects of Enzymatic Activities In Vivo

The harmful influence of pollutants is normally measured by dose-response curves in ecotox-
icological studies.>* Analogous to these dose-response curves, a similar test protocol to detect
inhibition effects of enzymatic activities has been developed. Inhibition of enzymatic activities is
detected using linear dilution of the water being tested and the correlation of the enzyme activities
in each dilution step to the concentration of the particular samples. Therefore, the native water
sample will be diluted in 12 linear steps with physiological sodium chloride solution. The enzyme
activities are measured in each dilution step. The activity is plotted versus the dilution. A linear
correlation shows an uninhibited enzyme activity. A decreased slope in higher concentrations of
the sample indicates inhibition of enzyme activity (Figure 5.2).4°

D. Assessment of Inhibited Enzymatic Activities /n Vivo

Assessment of enzymatic inhibition is based on the dose-response curve. Five classes of
inhibition are defined: class 1: no inhibition (straight line of the dilution slope or deviation from
linearity between sample portion 81 to 100%); class 2: slight inhibition (deviation from linearity
between sample portion 61 to 80%); class 3: moderate inhibition (deviation from linearity between
sample portion 41 to 60%); class 4: severe inhibition (deviation from linearity between sample
portion 21 to 40%); class 5: more severe inhibition (deviation from linearity between sample portion
0 to 20%) (Figure 5.2). The deviation from the linear relationship of a dose-response curve (graph-
ical analysis) and the corresponding sample concentration determines the inhibition class into which
the specific water sample will be grouped. Different locations are sampled several times and grouped
into one of the five inhibition classes. The frequency with which the inhibition class will occur at
one location is given in percent. In order to assess not only the frequency, but also the intensity of
the detected inhibition, the defined inhibition classes are additionally graduated with a factor from
zero to four. The factors will be multiplied with the frequency of the inhibition classes. The sum
of all values is defined as an index of inhibition. The indices of inhibition range from 0 to 400. If
all samples (100%) of one sample station measured several times never show enzymatic inhibition
effects, the index of inhibition will be zero. If 50% of samples from a particular site (measured
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enzyme activity

/‘\

60 80 100% dose of sample
100 80 60 40 20 0% dose of NaCl-solution
dose of sample assessment factor
in%
no activity
detected
—

81 -100 no inhibition 0

61-80 slight inhibition 1

41-60 moderate inhibition 2
severe inhibition 3
more severe inhibition 4

Figure 5.2 Assessment of enzymatic inhibition effects. (From Wessler, A., Damgen, K., and Obst, U., AWWA
Conference Proceedings of 1995 Water Quality Technology Conference, 905-919, 1995. With
permission.)

several times) show slight inhibition effects (factor 1) and 50% of the samples show moderate
inhibition effects (factor 2), the index of inhibition will be 150 (50 x 1 + 50 x 2 = 150). If all
samples (100%) of a distinct sampling site show the severest inhibition effects, the index of
inhibition will be 400. The greater the value of the index of inhibition, the worse is the water
quality at the specific sampling site,3

E. Flow Injection Apalysis of Microbial Enzyme Activity*

In vivo enzyme activity can also be measured in a flow stream of a bioreactor. The bioreactor
consists of a glass column (height 10 cm, diameter 6 cm) filled with inert glass bowls (diameter
2to 4 mm) populated with the microflora under test. The microorganisms are immobilized by
pumping the water of interest through this fixed-bed reactor. The activity of the immobilized
microorganisms can be determined by injection of a synthetic substrate flowing through the glass
column. The microbial enzymes cleave the substrate dye bond, and the released dye can be detected
by a fluorimetric spectrometer, For the measurement of fluorochromes it is necessary to buffer the
sample. The buffer is injected into the flow stream behind the bioreactor (Figure 5.3).
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Figure 5.3 Flow diagram of the flow injection analysis of microbial enzyme activity (FAME).

lil. RESULTS
A. Examples for Applications of In Vitro Enzyme Activity Tests

The sensitivity of the enzymes toward inhibitors has to be examined by testing single substances
before screening natural samples.

1. Acetylcholinesterase Inhibition Test

Numerous choline esterases exist in the animal kingdom, partly specific to butyl or to acetyl
groups as substrates. But besides acetyl or butyl other molecules, especially phosphorous acetic
acids and carbamates, can interfere with the active center of the enzymes inhibiting the normal
enzyme reaction.

In Table 5.5 the inhibition constants (K,) of some specific inhibitors of acetylcholine esterase
(from bovine erythrocytes) are listed.?® The higher the K, value, the more inhibiting the substance
is. Esters of phosphorous acids and carbamates are applied as insecticides. Their toxic effects are
not only specific to insects — since the 1930s, esters of phosphorous and phosphonic acids have
been known to be powerful biocides and were used as chemical warfare agents. Therefore, it is of
interest to monitor surface and ground waters which are often used as drinking water sources.

2. Aldehyde Dehydrogenase Inhibition Test

The aldehyde dehydrogenase used in this test is isolated from yeast. Acetaldehyde dehydroge-
nase detoxifies the acetaldehyde produced in cells of all organisms during oxidation of acetic
alcohol. The product of the reaction is acetic acid. While acetaldehyde is oxidized, the coenzyme
NAD is reduced; NADH can be measured photometrically and fluorimetrically.
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Table 5.5 Inhibition Constants (K;) of Acetyicholinesterase from Bovine Erythrocytes

Substance K, (L x mol' x min-') Substance K, (L x mol-' x min-')
Phosphoric Acid Esters Carbamate Insecticides

Azinphosethyloxone 1.0 x 108 Aldicarb 1.3 x 104
Chlorfenvinphos 0.9 x 10* Carbaryl 1.8 x 104
Demeton-s 2.4 x 10 Carbofuran 0.7 x 108
Diazinon 34 x 10 Mercaptodimet 5.7 x 10*
Dichlorvos 2.3 x 10* Methidathion 0.7 x 10°
Paraoxonethy! 0.6 x 108 Propoxur 3.4 x 10*
Paraoxonmethyl 2.1 x 108

Triazophos 0.7 x 108

Data from German Standard methods for the examination of water, waste, water and sludge; subanimal
testing DIN 38415 part 1, Determination of cholinesterase inhibiting organophosphorus and carbamate
pesticides (cholinesterase inhibition test) T 1, VCH Verlaggeselischaft, Weinheim, 1995.

Table 5.6 Effect of Pesticides on the Activity
of Aldehyde Dehydrogenase

No Observed Effective

Substance Concentration in mol/L
Cuvette Test  Microtiter Plate Test

Atrazine 1.2 x 10~

Captafo! 1.4 x 107 <2.4 x 108
Carbendazim 5x 104 1.6 x 105
Diuron 22 x 107 22 x10°®
Dichlofluamide 3 x 108 <27 x 10-8
Ferbam 2.4 x 10°

Maneb <3.8 x 107 <2.6 x 10-8
Metolachlor 1.8 x 10—

Metazachtor 3.2 x 106
Monuron 5x 10 1.3 x 105
Thiram 21 x 107 29 x 108
Zineb <3.6 x 109 1.8 x 107
Ziram 1.6 x 105 1.6 x 1077

Data from Wiegand-Rosinus, M., Untersuchungen zur
Hemmbarkeit von Enzymen in vitro durch Pestizide, Doc-
torial Thesis, Fachbereich Biologie d. Johannes-Guten-
berg-Universitat Mainz, 1991.

As can be seen in Table 5.6 the enzyme is inhibited by dithiocarbamates, especially ethendithio-
carbamates in very low concentrations.*> The NOEC for maneb and zineb — two fungicides — is
lower than 1 pg/L. Other organics, e.g., phenol, cannot inhibit this enzyme even at high concentrations.

3. Urease Inhibition Test

The first enzyme to be isolated, crystallized, and characterized is urease from leguminosae.*?
The enzyme catalyzes the cleavage of urea to carbon dioxide and ammonia. The test published in
1985 uses the change in pH for measurement of the enzyme activity.* The test described here is
based on the photometric detection of the indophenol dye developing from the reaction of ammonia
and hypochlorite and phenol. The test can be performed in microtiter plates.>

Urease is very sensitive to heavy metals such as mercury and copper. The other metals and
some organic substances inhibit the enzyme in higher concentrations (Table 5.7).



ENZYME INHIBITION FOR EXAMINATION OF TOXIC EFFECTS IN AQUATIC SYSTEMS 87

Table 5.7 Concentrations of Inorganics and Organics Causing no Effect (NOEC)
on the Urease

Substance NOEC in mg/L Substance NOEC in mg/L
Cadmium 45 Acetone <200
Chromium 11 DMSO 500
Copper 9.5 x 102 Catechol <0.5
Manganese  slight effect (0.5-100) Methen methylsulfonic acid 1
Mercury 8 x 10+ 1-methyl-3-nitro-1-nitrosoguanidin 9
Zinc 15 n-nitroso diethylamine 9
2-aminoanthracene” 0.05
4-nitroquinone-n-oxide* 1.5

* Genotoxic organic substances

B. Examples for an Application of Enzyme Activity Tests /n Vivo

As a result of our work, three examples for an application of enzyme activity tests in vivo are
given as follows. The first example describes the monitoring of the three tested enzymes in water
samples of the River Main (Germany) over a period of two years. In the second example, the
application of the new criteria for the assessment of water quality is shown. In the last, the control
of toxic influences on specific biochemical processes using a flow injection analysis of microbial
enzyme activities is presented.

In Figure 5.4 esterase, alanine aminopeptidase, and {3-glucosidase activities of a natural (undi-
Iuted) water sample at a particular site in the River Main near Frankfurt (Germany) are shown.
Sampling took place in 1993 every fortnight and in 1994 monthly in collaboration with the Hessische
Landesanstalt fiir Umwelt. The activity of the three tested enzymes depends on seasonal changes
and weather as expected. The esterase and alanine aminopeptidase activities increase in spring and
summer and are lower in autumn and winter. The increasing values of these activities in spring and
summer may be due to a much more pronounced production of a variety of primary metabolites
and photosynthetic products during the active growth of phytoplankton measurable by the chloro-
phyll-a content. The increasing concentrations of utilizable substrates support bacterial growth and
metabolism. The activity of ectoenzymes is generally inhibited by UDOM (utilizable dissolved
organic matter). The synthesis of ectoenzymes in heterotrophic bacteria is repressed. The release
of high amounts of polymeric dissolved organic matter (DOM) caused by great biomass turnover
at the same time, however, induces the synthesis of ectoenzymes.?* The results shown in Figure 5.4
indicate the pronounced effect of biomass turnover and of higher concentrations of polymeric
organic matter. Obviously the inhibiting UDOM play a minor role. The B-glucosidase activities
show a parallel trend to biomass determined as DNA-concentrations in the respective water samples.
The activities are high in early spring, decrease in summer, and increase again in autumn. The
B-glucosidase activities probably depend on the influence of weather as well. The activities increase
significantly during and after rainy days depending on erosion, the whirl up of sediment, and the
input of nutrients into the water.

Figure 5.5 shows the frequencies of the classes of inhibition of all tested enzymes from samples
collected in the River Main near Frankfurt (Germany). In these samples the influence of the
discharge of the industrial wastewater treatment plant of Hoechst AG is observed. The sampling
site at Nied, for example, is located upstream of this discharge, whereas the sampling site at
Eddersheim is located downstream. The sampling site Bischofsheim is also located downstream at
a greater distance. The frequencies of inhibition effects of esterases in samples at the sampling
sites near Nied and Bischofsheim are significantly lower than the frequency of inhibition in samples
at Eddersheim. Measuring alanine aminopeptidase activities, in samples from Eddersheim the
intensity of the detected inhibition effects is much more pronounced than in samples from the other
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Figure 5.4 Substrate turnover in percent per hour (%ST/h) of the tested enzyme activities of undiluted water
samples over a period of two years from the River Main at Frankfurt-Nied (Germany).

two sites. Similar results could also be observed when measuring the B-glucosidase activities. The
indices of inhibition at the gauging stations of the River Main (presented in Table 5.8) allow a more
pronounced assessment of the water quality. In contrast to the gauging stations near Nied and
Bischofsheim the station near Eddersheim shows distinctly higher indices of inhibition for all tested
enzymes. An observably higher index of inhibition of the alanine aminopeptidase activities at the
gauging station at Bischofsheim than at the station at Nied upstream is also detectable. In 1994 a
significant increase of the indices of inhibition of the alanine aminopeptidase activities of all tested
gauging stations is observable. The supposition is that an increase in alanine aminopeptidase
inhibiting substances is responsible for the detected deterioration.

Assessing the gauging stations of the River Main with the new criteria, it is obvious that
downstream of the discharge of the industrial wastewater treatment plant of the Hoechst AG, a
deterioration of the water quality and biological self purification is detectable. The frequency and
the intensity of the observed inhibition effects as well as the index of inhibition increase downstream
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Figure 5.4 (continued)

of this discharge. After a more or less quiet reach of the river, the frequency and intensity of
enzymatic inhibition effects decrease. These results indicate that the impairment of the water and
the recreational value of the aquatic ecosystem is influenced by the discharge mentioned above.
On the one hand, the impairing effect of the pollutants decreases as a result of dilution, but on the
other hand, an increase in the microbial transformation and degradation processes is detectable
downstream of the industrial discharges, reducing the concentration of pollutants. These degradation
processes are measurable by an intensified enzymatic activity (data not shown).

Another application for the in vivo activity tests is to characterize the activity of an immobilized
microbial population. In order to immobilize microorganisms on glass bowls, water containing the
microflora to be tested has to be pumped through the glass column. The inoculation time depends
on the density of the natural population. It can be controlled by measuring the enzymatic activity
of the immobilized microorganisms. In Figure 5.6 the results of increasing esterase activity during
inoculation are shown (velocity of flow: 20 mL/min). Peak height and area depend not only on the
inoculation time but also on the speed of flow-through and on the substrate and the enzyme to be
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Figure 5.5 Frequencies (graduated in percent) of the detected inhibition classes of all tested enzyme activities
of the sampling sites at the River Main in 1994: Sampling in 1994: 11 times a year. (Data from
Wessler, A., Damgen, K., and Obst, U., AWWA Conference Proceedings of 1995 Water Quality
Technology Conference, 905-919, 1995.)

tested. After optimizing these parameters for samples of different origin, single substances can be
injected and can interfere with the immobilized microorganisms. An inhibition of an enzyme is
registered in the turnover curve as a decrease of height and area compared to the graph without
inhibition. In Figure 5.7 the inhibiting effect of 1 mg/L penicillin on the microflora can be seen. If
the immobilized microorganisms can regenerate, a successive testing of various substances or test
waters with the same microflora is possible.
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Table 5.8 Indices of Inhibition of All Gauging Stations at the Main River, Germany

Alanine
Gauging Station Esterases Aminopeptidases p-Glucosidases
1993 1994 1993 1994 1993 1994
Main at Nied 28 27 22 72 33 36
Main at Eddersheim 89 63 72 144 50 45
Main at Bischofsheim 28 36 47 99 39 36

Note: Sampling in 1993: 18 times. Sampling in 1994: 11 times a year.

Data from Wessler, A., Damgen, K., and Obst, U., AWWA Conference Proceedings of
1995 Water Quality Technology Conference, 905-919, 1995.
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Figure 5.6 FAME. Enzyme activity during inoculating the bioreactor. (Data from Wiegand-Rosinus, M., Obst,
U., Herzberger, E., and Haberer, K., Proceedings DECHEMA Biotechnology Conferences, 5, 903,
1992.)

IV. DISCUSSION AND PREDICTION OF ENZYME ACTIVITY TESTS
A. Discussion and Prediction of In Vitro Enzyme Activity Tests

The inhibition tests using enzymes in vitro indicate the effects of samples of unknown compo-
sition. In most cases the effect on the enzyme is an inhibition of the enzymatic activity. The substrate
turnover can be slowed down; the reaction rate decreases, and/or the amount of product after
reaction is smaller than without inhibitor. The inhibitory effect of a sample on an enzyme indicates
a potentially toxic component for the organisms that rely on these enzymes. Although the inhibition
can be very specific, unspecific reactions cannot be excluded. Therefore, these tests are screening
tests indicating toxic effects. As the affinity of the single enzymes toward different inhibitors or
different chemical groups of inhibitors is different (e.g., acetylcholinesterase is especially inhibited by
phosphorous acid esters and carbamates; aldehyde dehydrogenase especially by ethendithiocarbamates;
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Figure 5.7 FAME: Inhibition of the activity of phosphatases by penicillin. (Data from Herzberger, E., Haberer,
K., and Obst, U., Vom Wasser, 76, 199, 1991.)

urease by heavy metals), the inhibition of the enzyme is a clue to the chemical or biological character
of the toxic water component. The sensitivity of the three tests against their specific inhibitors in
water samples differs. The acetylcholinesterase test responds to inhibiting substances in the range
of more than 1 pg/L and is therefore not practical within the German and EU drinking water
regulation, where the limit concentration for one pesticide is 0.1 pg/L. But the test is helpful in
screening surface water and wastewater influents. As the commercially available enzyme prepara-
tions are stabilized to be insensitive to matrix effects of samples (inhibition is not desired), the
sensitivity toward the inhibitors can become a problem. Sometimes this problem can be solved by
enhanced diluting of the enzyme, but it is absolutely necessary to control the sensitivity by a known
concentration of a known inhibitor.

B. Discussion and Prediction of In Vivo Enzyme Activity Tests

Criteria for evaluation, characterization, and assessment of the quality of surface water are badly
needed. Up to now, biological quality mapping of surface water has been based on the saprobic
system.*®4” Chemical analysis of single contaminants and summarizing parameters such as DOC
and AOX is a standard to measure the quality of surface water. But mostly the water quality
determined using the saprobic system or chemical analysis is much better now than in previous
years. In the last few years trace contaminants and microorganics are the main source of pollution.
Often, these pollutants are responsible for the inhibition of biological self purification, measurable
by the recommended biochemical methods. Therefore, the methods suggested in this chapter,
including the criteria for evaluation and assessment, provide an additional aspect of the biological
water quality. The methods are applicable to biochemical monitoring of seasonal changes and
influences of weather and, therefore, the dependent shift in nutrients and inhibiting substances.
They allow the control of natural treatment processes in surface water as well as the control of
discharges of wastewater treatment plants into the receiving water or in water after the subsoil run-
off.*8 They can be helpful in controlling the purification in wastewater treatment plants. The methods
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are also applicable to investigations of sediments and suspended matter.* In contrast to the methods
mentioned above, the flow injection analysis of microbial enzyme activity (FAME) was developed
as a semi on-line control of specific biological processes in test water. The FAME allows the routine
observation of influences on microorganisms by harmful substances. It can be applied to simulate
accidents during drinking water conditioning or wastewater purification processes. But the method
was not developed as a very sensitive toxicity assay.
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I. INTRODUCTION

Sponges (Porifera) are one of the major phyla found in the marine hard-substrate benthos, both
with respect to the number of species and their biomass.! Despite the ecological dominance of the
sponges, especially Demospongiae, due to their diversity of form, structure, and physiological adap-
tation (for review see reference 2), most species are confined to relatively little or unpolluted areas.

All sponges live in the aquatic environment; adult specimens are sessile filter-feeders able to
ingest particles of sizes between 5 and 50 wm through the cells of the mesohyl and the pinacoderm;
microparticles (0.3 to 1 um) are taken up by the cells of the choanocyte chambers. A specimen of
1 kg, e.g., a small Geodia cydonium, filters = 24,000 liters every day.> Some sponges are found in
relatively shallow zones (to 100 m), e.g., Calcarea, whereas others, such as some Hexactinellida,
prefer to live in deep waters. Demospongiae are found in depths ranging from the coastal areas down
to 8600 m. Hexactinellid sponges colonize sand and mud substrates; and rock substrates are preferred
by demospongid sponges. Some species even penetrate calcareous material (shells or soft rocks).

Sponges react to environmental stress with the induction of a series of metabolic pathways,
e.g., the heat shock system, the polyphosphate turnover, the multixenobiotic resistance transport
system, and programmed cell death (apoptosis). For the quantification of the physiological adjust-
ments to fluctuating environments, in vitro cultures (regenerating sponge cubes; single cell cultures)
both from freshwater and marine sponges have been introduced.

Until recently, sponges as whole organisms, or sponge cell cultures have seldom been used for
environmental monitoring in spite of their environmental sensitivity. Previously, cubes cut from
sponge specimens have been maintained in special incubators and exposed to a variety of pollutants.?
Recently we succeeded in establishing short-term cell cultures from the freshwater sponge Ephy-
datia muelleri® and the marine sponge Suberites domuncula® in vitro to screen for potential envi-
ronmental contaminants (see Section III).

Il. SPONGES AND THEIR METAZOAN GENES

The genes characterized (cDNAs) to date from the marine sponge Geodia cydonium display
all of the characteristics of the corresponding genes from higher animals. For example, one adhesion
molecule, an S-type lectin, has been isolated with high similarity to other metazoan lectins in its
amino acid (aa) sequence at the carbohydrate-binding site.” In 1994 two groups identified
homeobox-genes from the freshwater sponge Ephydatia fluviatilis.®® These coordinate genes are
required for the determination of the anteroposterior and dorsoventral axes of the future embryo.
A further transcription factor, the serum response factor, was cloned from G. cydonium.©

Recent evidence indicates that in sponges, certain receptors and linked molecules that are
involved in signal transduction, are present that have high homology to those found in higher
animals. A receptor protein-tyrosine kinases gene from the siliceous sponge G. cydonium has been
described.!"'3 The deduced aa sequence shows all characteristic features known from vertebrate
sequences. The sponge receptor has — very unexpectedly — at least two Ig-like domains in the
extracellular portion of the receptor.

Receptors of type III belong to a family of seven-pass transmembrane receptor proteins. Recep-
tors of types I and II have not yet been identified and cloned in sponges. After binding to the ligand,
the type Il receptor undergoes a conformational change and transmits the “information” to
G-proteins (GTP-binding proteins). The coupling of a given receptor with distinct G-proteins results
in a modulation of adenylate cyclase or of phospholipase C activity. Subsequently, either cAMP,
Ca?, or diacylglycerol and inositol-trisphosphate are formed, which act as second messengers. In
turn, the secondary effector systems, either cAMP-dependent protein kinase(s) (protein kinase A)
or Ca*- and/or diacylglycerol-dependent protein kinase(s) (protein kinase C; PKC) are activated.
The genes for these kinases have also been sequenced from G. cydonium' and show the distinct
traits or building blocks of higher invertebrate and vertebrate PKCs.
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A fourth gene, a stress protein, the heat shock protein of 70 kDa (hsp70) was isolated!® from
G. cydonium, which might be applicable as a molecular probe for quantitative risk assessment.

As summarized in Figure 6.1 these genes have to be considered as ultimate prerequisites in
“Evolved Protozoa” to transform them into metazoan organization. Based on these new molecular
biological data obtained from the sponge G. cydonium, it can be 1) concluded that all Metazoa are
of monophyletic origin'® and 2) assumed that some of the biomarkers found in sponges might be
applied as diagnostic tools to screen for environmental loadings. Their responses to pollution might
be extrapolated to other animals.

lll. INVITRO CULTURES

Sponge cells and tissue cubes are characterized by a pronounced reaggregation!” or regeneration
potency.'® These properties have been used to establish in vitro cultures from sponges.

A. Regenerating Sponge Cubes

The technique of culturing sponge cubes was described in 1977 and 1981.4!° Specimens of
G. cydonium were collected at depths of 20 to 30 m near Rovinj (Croatia) and were kept in tanks
at 14°C until use. Subsequently, cubes with 1 cm edges were cut and incubated in filtered, oxy-
genated sea water at 14°C.

A special incubator was designed for these cubes, because sponges cannot be oxygenated by
direct aeration without their channel system being affected by air bubbles (Figure 6.2). The incu-
bator is hooked to a rack, filled with 50 mL of sea water, and submersed with its aeration com-
partment into a cold bath of approximately 5°C. It is agitated by 15-sec pulses from an air
compressor at 30-sec intervals. The air is pressed through an inlet into the lower part of the incubator,
the aeration compartment, where the air reaches the dialysis tubing mounted at the conical, upper
end of the aeration compartment. A slotted tube hangs in the center of the dialysis tubing; at the
lower base of the aeration compartment the tubing is tied together with the slotted tube. After an
air pulse, the dialysis tubing in the aeration compartment is compressed around the slotted tube
with the consequence that 42 mL of freshly oxygenated sea water is present within the dialysis
tubing through the small circular opening at the conical upper end of the aeration compartment
into the incubation cylinder. Seven grams of sponge cubes are placed within this incubation cylinder.
The oxygen concentration is adjusted to 6.4 mL O,/L. Under these conditions, cubes of G. cydonium
can be kept for at least five weeks. The temperature in the incubation cylinder is adjusted to 14°C.

B. Single Cell Culture
1. Marine Sponges

Cells from the marine sponge Suberites domuncula Olivi (Porifera, Demospongiae, Hadromer-
ida) are especially suitable for short-term cell cultures. Animals collected in the northern Adriatic
Sea near Rovinj (Croatia) were kept in aquariums at Mainz (Germany) for more than six months
at 16°C.

The sponge cells were obtained by mechanical dissociation. The sponge was cut into cubes,
incubated for 30 min at 20°C in sea water containing penicillin, streptomycin, and nystatin and
then pressed through a nylon net. The single cells obtained were suspended in sea water and
centrifuged again. Finally they were resuspended in sea water (plus penicillin and streptomycin).
The cells were cultured at 16°C in a temperature-constant incubator. One to two days later the cells
were used for the experiments. The single cell suspension comprises over 50% choanocytes and
approximately 20% spherulous cells.®
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Figure 6.1 The phylogenetic diagram. Based on (1) aa sequence data obtained from sponges (Porifera; we used
Geodia cydonium), the simplest multicellular organisms, and (2) the vertebrate genes, including those
from Mammalia (rat), Aves (chicken), Amphibia (Xenopus), and Teleostei (the bone fish Conger), as
well as (3) from the invertebrate Nematoda {Caenorhabditis) a common ancestor of all metazoa has
to be deduced. The tree was constructed by sequence comparison of one adhesion molecule, a
galactose-binding lectin fram G. cydonium, with those from the other animals. With respect to sponges,
the time of divergence has been calculated on the basis of the lectin as well as the receptor tyrosine
kinase, carrying the immunoglobulin domain. All these animals have the protein kinase C, the nonmus-
cle myosin type II; all sequences have features typical of Metazoa. The divergence time has been
calculated and is given in millions of years [Myrs]. It is outlined that during transition from the evolved
protozoan species to the first Metazoa — a process which might have taken place around 1.2 Myrs
ago* — adhesion molecules (lectins), cell surface receptor (e.g., a receptor tyrosine kinase as shown
here with its extracellular domain (Ig: Immunoglobulin domain}, the transmembrane region (TM), the
juxtamembrane region (JM; intracellular domain 1} and the catalytic region (intracellular tyrosine
kinase — TK) domain], and signal transduction molecules (protein kinase C) have developed.
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Figure 6.2 Incubator for sponge cubes. Details are given in the text.

2. Freshwater Sponges

Short-term cultures from freshwater sponges have been established as follows.> Gemmules of
Ephydatia muelleri (Porifera, Demospongiae, Spongillidae) collected in the River Wied near Neus-
tadt (Germany), were kept at 4°C in tap water until use. After a short treatment with NaOCl and
ethanol, approximately 100 gemmules were incubated per plastic Petri dish containing 10 mL
deionized and autoclaved water. Under these conditions, after 48 h, at 20°C 90% of the gemmules
started to hatch. The hatched gemmules were disrupted by squeezing through a 10-mL syringe.
The cells were then immediately suspended in the culture medium consisting of sterile “M”
medium,* supplemented with HEPES (pH 7.5), and BME-amino acids, BME-nonessential amino
acids, and BME-vitamins, as well as 0.1% chicken embryo extract. To avoid bacterial contamination,
the antibiotics penicillin and streptomycin were added to the medium. The cultures of single cells
could be kept for up to three months; after this period the number of living cells decreased gradually.
The mitotic index determined in the aggregates at day 21 was found to be 0.5 to 1%.

IV. ASSESSMENT OF AQUATIC POLLUTION USING SPONGES
AS MODEL ORGANISMS

The effects of a series of pollutants on biomarkers have been studied in vitro using both
regenerating sponge cubes and primary cells.
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Figure 6.3 Metabolic labeling of hsp70 in tissue samples of E. fluviatilis in relation to different incubation
temperatures and/or different levels of concentrate from the Schwarzbach River. Levels of hsp70
in sponge samples after treatment with different amounts of river concentrate. Sponges were
incubated at 18°C during the complete incubation period [0] or were exposed first to temperature
stress [33°C; 2h] and second to different concentrations of river extract at 18°C [®]. The results are
means of five experiments each; the SD was less than 20%.

A. Regenerating Sponge Cubes
1. Heat Shock Proteins

Studies on the function of heat shock proteins (hsps) in vertebrates, indicate that hsps may
protect cells against environmental stressors.?’

We have determined — for the first time — in sponges the response to temperature stress by
inducing the production of the stress protein hsp70.%2 For this study the freshwater sponge Ephydatia
fluviatilis was used. These animals respond differently with regard to expression of hsp70 if they
are treated with environmental xenobiotics (compounds not produced by the species used) alone
or if a short temperature stress precedes the exposure to environmental xenobiotics.

Expression of hsp70 in sponge tissue was assayed by metabolic labeling at different incubation
temperatures. Lysates were prepared and hsp70 was immunoprecipitated with anti-hsp70 antibodies.
The data showed that a low level of hsp70 protein could be detected up to a temperature of 25°C.
At 30°C or 35°C, the amount of immunoreacting material increased by 4.5-fold and 15-fold,
respectively. At 40°C, the amount of labeled material was significantly reduced, but it was still
higher than that measured at temperatures below 30°C.?

The interactive effects of 1) a nonionic organic extract from a highly polluted river (River
Schwarzbach, Hesse, Germany), concentrated by adsorption of water samples to Amberlite XAD7,%?
and 2) heat stress on hsp expression were determined. At normal temperature (18°C) the extract
caused a low twofold increase of hsp70 expression within the range of 0.04-fold to 0.4-fold ambient
Schwarzbach levels. However, if the cultures were pretreated by heat (28°C) for 2 h and then
incubated with different concentrations of the nonionic organic extract (extract levels at 0.04-fold
to onefold ambient levels) a > tenfold increase of hsp70 synthesis was recorded (Figure 6.3).
Proliferation studies revealed that temperature stress alone resulted in a moderate decrease of sponge
cell proliferation (25%); increasing river concentrates (two- to fourfold) resulted in a 53.6% to 99.4%
decrease in cell proliferation, respectively. However, temperature stress together with treatment by
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Figure 6.4 Changes of poly(P) content and of exopolyphosphatase activity in Ephydatia muelleri after exposure
to differentially polluted waters from rivers. Gemmules (4 days after germination) were incubated
for 5 days in water from an unpolluted site (Fulda), a moderately polluted river (Werra), and a heavily
polluted site (Schwarzbach); as “Control” the sponges have been incubated in phasphate-buffered
freshwater.

nonionic organic pollutants has improved cell proliferation by an order of magnitude as compared
with temperature stress alone. These data imply that a sublethal treatment of sponges with heat
results in a higher tolerance of the animals to chemical stressors.

2. Polyphosphates

Inorganic polyphosphates {poly(P)] are long linear polymers of orthophosphates (reviewed in
reference 23), which have been assumed to function as: 1) storage molecules for energy-rich
phosphate, 2) chelators for divalent cations, 3) counterions for basic amino acids in vacuoles, or
4) donors of phosphate for certain sugar kinases. In addition, changes in the size of poly(P) chains
may be associated with the response of cells to 5) alkaline stress or 6) osmotic stress.?*2>

Several enzymes involved in the synthesis and degradation of poly(P) have been identified,
including a poly(P) kinase, which catalyzes the transfer of phosphate from ATP to poly(P),?¢ and
a number of polyphosphatases (both exo- and endo-enzymes), which hydrolyze poly(P).?” Recently,
two exopolyphosphatases from the marine sponge Tethya lyncurium were purified.?

Significant amounts of inorganic poly(P) (=55 ug of polyphosphate/g of wet weight) were found
in the freshwater sponge Ephydatia muelleri, particularly in the gemmules (260 ug/g).?® An increase
in polyphosphate content and a decrease in exopolyphosphatase activity was observed during tissue
regression when hatched sponges were exposed to polluted waters from rivers. For these studies,
samples of river water from a nearly unpolluted site (River Fulda near Wahnhausen, Germany), a
moderately polluted site (River Werra near Heldra), and from a heavily polluted site (River Schwarzbach
near Trebur) were used. The water samples were prepared as described.? Small sponge samples
obtained from gemmules 5 days after hatching were incubated in water from differently polluted rivers
for 4 days, and then poly(P) content and exopolyphosphatase activity were determined. Controls were
cultivated in phosphate-buffered freshwater-HEPES. As summarized in Figure 6.4, exposure of
E. muelleri to water from the rivers Fulda and Werra, containing only a very low or moderate pollutional
load, resulted in only small or nonsignificant changes in poly(P) content. However, a marked increase
in poly(P) content (79%) was observed when E. muelleri was exposed to highly polluted water from
the River Schwarzbach. The increase in poly(P) content of E. muelleri after exposure to polluted
water (River Schwarzbach) was accompanied by a decrease in exopolyphosphatase activity
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Figure 6.5 Effects of tributyltin (TBT) on apoptotic DNA fragmentation in sponge tissue from G. cydonium.
Sponge cubes were incubated with O (lane a) or 3 uM TBT (lane ¢). In the control experiments,
DNA preparations were treated with DNAse | (lane b). These experiments have been performed in
the absence of methyl mercury (MeHg).

(Figure 6.4). Therefore, we suppose that under incubation conditions with polluted water the
exopolyphosphatase activity is inhibited in the sponge.

From these results we conclude that changes in poly(P) metabolism in sponge tissue, which
can be measured by simple methods, may be a sensitive indicator of polluted environments.

3. Detergents

The regenerating cube system from G, cydonium was used to assess the effect of detergent
pollution.* Na-dodecylsulfate as well as the commercial laundry detergents Faks® and Radion®
were found to reduce incorporation of [*H]dThd, [*H]Urd, and [*H]Phe into DNA, RNA, and protein
at concentrations as low as 0.1 ppm (1078 g/L).

4. Benzo[a]pyrene

The model pollutant benzo[a]pyrene (BaP) was studied!® using the sponge Tethya lyncurim
(cubes). At concentrations of 1 to 6 ppm both the polyamine concentrations and the activity of the
key enzyme in polyamine metabolism, the omithine decarboxylase, increased during a one-day
incubation. BaP associated not only with protein but also with DNA and RNA during the course of
incubation.’® The possible repair mechanisms occurring during the incubation with BaP were studied.?!

5. Organic Derivatives of Heavy Melals

The effect of conservative organic derivatives of heavy metals, such as tin (e.g., tributyltin;
TBT) or mercury (methyl mercury; MeHg) have been tested in the G. cydonium cube system. It
was found that the water pollutants TBT (>1 uM) and MeHg (>3 uM) induce apoptosis in tissue
of the marine sponge G. cydonium (Figure 6.5). Apoptosis is a special form of cell death in which
the cells actively participate in the process of dying. At concentrations of >5 uM, MeHg causes
alkaline labile sites in DNA. At the lower dose of 0.3 uM, MeHg abolishes the TBT-induced
apoptosis in sponge tissue. Incubation of sponge tissue with 3 uM of TBT induces not only apoptosis
but also an expression of heat shock protein-70 (Figure 6.6).3
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Figure 6.6 Expression of hsp70 protein in G. cydonium tissue after incubation with TBT. Sponge cubes were
pretreated for 2 h with 0 or 3 uM TBT and then incubated in the absence of the compound for 10 h
at 16°C. The proteins were extracted and the resulting protein fractions were size-separated by
polyacrylamide gel electrophoresis. The proteins from sponges treated with 0 (lanes a) or 3 uM
TBT (lanes b) were either stained by Coomassie Brilliant Blue (A} or were analyzed for the presence
of hsp70 by Western blotting technique using antibodies raised against the protein hsp70 (B). The
M, of the protein species crossreacting with human anti-hsp70 antibody is marked with an arrow.

"pollutants™: xenobiotics

reversible
. (repqir) o ————
passive radiation
degradation chemicatl
internal
Imechanical,
temperature
vil7 1'R2% )
repair
[WIA Y Y ™ no DNA
DNA “Tesan
pair
\ Vs
\upoptosis —/
active
degradation

irreversible

v

“pollutants”: biotics
(xenobiotics)
DNA:  high integrity

DNA": low integrity
DNA"®: nucleosomes

Figure 6.7 DNA can be disintegrated from a state of high integrity via a state of low integrity down to
nucleosomes (1) by passive degradation or (2) by active degradation. Passive degradation of DNA,
caused by radiation, chemicals, or internal factors (xenobiotics) can be repaired by the cellular DNA
repair systems, while active degradation by apoptosis (biotics/xenobiotics) is an irreversible event.

This study demonstrates that in addition to the passive form of DNA degradation (necrosis),
the active degradation process (apoptosis) can also be activated by genotoxic agents, such as TBT.
Whereas the latter effect is irreversible, passive degradation of DNA can in some cases be repaired.
A survey of the two modes of DNA fragmentation (necrosis toward apoptosis) is given in Figure 6.7.
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Figure 6.8 The P-glycoprotein pump is located in the plasma membranes and is presumably regulated by
phosphorylation/dephosphorylation reactions mediated by protein kinase C (PKC). In this model it
is outlined that cytostatic drugs or xenobiotics [m] activate plasma membrane-associated phospho-
lipase G (PL-C), resulting in a local formation of diacylglycerol (DAG) and inositol-trisphosphate
(IP-3) and an ultimate translocation of PKC (only shown in the left scheme). The latter enzyme
might activate the P-glycoprotein and extrudes the compound — some xenobiotics (/eff). Inhibitors
of the P-glycoprotein [O0] compete for the transport system and block extrusion of the compound
(right). We identified a P-glycoprotein-like pump in marine sponges and termed it multixenobiotic
resistance protein (MXR protein).

B. Single Cell Culture from Marine Sponges
1. Multixenobiotic Resistance (MXR) Pump

Chemotherapy has been widely and successfully used in the treatment of a variety of tumors
in humans. However, one significant problem is the acquisition of a simultaneous resistance to a
variety of structurally unrelated cytotoxic drugs in human malignancies reviewed in reference 33.
The drug resistance phenotype is often connected to the emergence of the multixenobiotic trans-
porter (a molecular pump which extrudes xenobiotics out of the ceil), also termed P-glycoprotein,
in the plasma membrane,* reviewed in reference 35. The P-glycoprotein catalyzes an ATP-depen-
dent extrusion of a series of anticancer drugs (e.g., Vinca alkaloids, anthracyclines, epipodophyl-
lotoxins), and of other cytotoxic agents reviewed in reference 33; Figure 6.8.

We searched for a P-glycoprotein-related extrusion pump among aquatic invertebrates, which
might lower the environmental load emanating from toxic agents. The pump was identified in the
marine sponge G. cydonium as a 125 kDa protein species?® and as a 135 kDa molecule in the clam
Corbicula fluminea.’ In these animals the P-glycoprotein-like pump extrudes xenobiotics from
their cells; this pump was termed multixenobiotic resistance protein (MXR protein),?’

Recently, we observed that the sponge Suberites domuncula also has a plasma membrane
extrusion pump, an MXR protein.® Cells from this sponge were used to demonstrate first, the
existence of the pump, and second, their use for the establishment of a potential test system. As
indicator dye calcein-AM was used, it is taken up by sponge cells and extruded in the same,
verapamil-sensitive manner (like in mammalian cell systems, which express the P-glycoprotein)
from the cells (Figure 6.9).%

Until now, no methods have been introduced to identify compounds in the marine environment
that act as toxic secondary metabolites or as harmful xenobiotics to the multixenobiotic transporter.
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Figure 6.9 Uptake of calcein-AM into S. domuncula cells. A suspension of 1 x 108 cells/mL of sea water was
incubated in the presence of 0.25 uM calcein-AM in 96-well microtiter plates and immediately sub-
jected to analysis using a fluorescence microtiter reader at excitation and emission wavelengths of
485 nm and 538 nm. Where indicated, the cell suspension was preincubated with 20 uM of verapamil
for 10 min before the loading period. Incubation was performed in the absence (@------ @) or presence
of 20 uM of verapamil (O------ ).

No such cellular assay system was available until now that could be incorporated into the test
batteries within the framework of environmental monitoring of aquatic environments. It is reason-
able to assume that many compounds are present in the sea that inactivate the MXR protein in
sponges and hence increase the toxicity of those compounds that are otherwise extruded via the
MXR protein.

Recent data from our group support this idea. Inhibition of the MXR pump by xenobiotics,
e.g., by verapamil®’ or XAD-7 extracts from River Rhein,*® was shown to enhance the toxicity of
low levels of carcinogens, e.g., 2-acetylaminofluorene. A scheme outlining the “cooperative” action
of the two xenobiotics is shown in Figure 6.10.

V. POTENTIAL MOLECULAR PROBES AS BIOMARKERS
A. Heat Shock Proteins

In general, five families of stress proteins are found in eukaryotes; four of them are grouped
according to their molecular weights as hsp90, hsp70, hsp58-60, and hsp20-30, whereas the fifth
hsp is termed ubiquitin.’* We have cloned two genes coding for proteins of the hsp family: hsp70
and ubiquitin from the sponge G. cydonium.

1. Heat Shock Protein-70 [hsp70]

The cDNA from the sponge G. cydonium has been cloned and used to determine the expression
of hsp70 as a reaction of the organism to temperature stress. As shown in Figure 6.11, exposure
of G. cydonium to heat stress resulted in the synthesis of mRNA coding for hsp70 (left panel:
lane b); the controls did not contain this mRNA species (lane a). To establish if the mRNA is also
transcribed, the hsp70 protein was determined immunochemically (left panel: lanes ¢ and d). This
protein was detectable only in samples from stressed animals. The complete sequence of the hsp70
is published elsewhere.'>
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Scheme of the function of a xenobiotic acting as a “chemosensitizer” of the MXR pump. A classical
xenobiotic (here termed xenobiotic I} is taken up by the cell through the plasma membrane; the
compound is again exported to some extent. If low levels of xenobiotic | are present in the
extracellular space, the intracellular concentrations remain low; ultimately the response or damage
of the celis is also low. In turn, higher extraceliular concentrations resuit in a higher intraceliular
level of xenobiotic | and a more severe effect 1o the cell metabolism. If the cells are exposed to
low levels of a xenobiotic (here xenobiotic 1) in the presence of an inhibitor of the MXR pump, the
so-called “chemosensitizer” (here xenabiotic Hl), a severe effect will occur due to the accumulation
of xenobiotic I.

hsp Ubiquitin
a b (o d a b c d
22+ . Zg
kb 2 156 wed
kb
w— 85
kDa
= + = + hs M C M C

Expression of hsp70 and ubiquitin in cells from the sponge G. cydonium: Left panel: Heat shock
protein-70 (hsp70): The sponges collected at an environmental temperature of 14°C remained
either untreated (hs: —) or were exposed to 24°C for 30 min and subsequently incubated at 14°C
for an additional 3 hr (hs: +). The mRNA, coding for hsp70 (2.2 kb), was detected by Northern
blotting (lanes a and b) and the hsp70 protein by Western blotting (70 kDa) (lanes ¢ and d). Right
panel: Ubiquitin: Identification of ubiquitin in extracts from the sponge G. cydonium. Extracts from
the medulla region (M; lanes a and c) and from the cortex region (C; lanes b and d) were prepared.
For the analysis of the ubiquitin protein (lanes ¢ and d) the resulting protein fractions were size-
separated by polyacrylamide gel electrophoresis. Then the proteins were transferred to nitrocel-
lulose sheets and incubated first with anti-ubiquitin antibodies (rabbit) and second, with the alkaline
phosphatase conjugated anti-rabbit IgG-BCIP/NBT detection system. 50 ug of protein each was
analyzed. The expression of mRNA, coding for ubiquitin, (lanes a and b) was determined by
Northern blotting using the sponge ubiquitin cDNA as probe. The size of the ubiquitin mRNA
(1.6 kb) as well as the apparent molecular mass of the ubiquitin protein (8.5 kD) are given.
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2. Ubiquitin

We demonstrated that the ubiquitin pathway exists in sponges.“® The expression of this protein
is regulated by cell adhesion molecules during reaggregation of cells. As in other organisms, the
level of ubiquitin in sponges varies in accordance with physiological and pathophysiological
conditions.*! Therefore, it was interesting to determine if the ubiquitin protein is expressed differ-
entially within the organism.

It was found that detectable amounts of ubiquitin protein are present only in the cortex of the
animal (the surface of the sponge exposed to the environment) and not in the medulla region (the
internal zone of the sponge) (Figure 6.11; right panel: lanes c and d), whereas the level of ubiquitin
mRNA was almost identical in both compartments (right panel: lanes a and b). This finding might
reflect a rapid turnover of ubiquitin in the medulla region. To the best of our knowledge the
expression of ubiquitin is regulated in other systems primarily at the transcriptional level;*? in the
G. cydonium system, translation efficiency of ubiquitin mRNA appears to be under tight control.

B. Members of the Signal Transduction Pathway
1. Protein Kinase C

Regenerating cubes from G. cydonium were used to determine the effect of pollution in the
marine environment on selected parameters of the intracellular signal transduction pathway.*? The
activity of protein kinase C (an initial component of one of the signal transduction pathways) and
DNA polymerase-a, (one endpoint of the chain) was determined. It was found that at low to
moderate pollution, an activation of protein kinase C enzyme occurs, whereas at sites of heavy
pollution this change was not observed. In contrast, DNA polymerase-a activity decreased gradually
with increasing loads of pollutants. We have sequenced the sponge protein kinase C gene.'

2. Receptor Tyrosine Kinase

The receptor tyrosine kinase,!* another gene coding for a further inducible and adaptive protein,
was cloned from G. cydonium.

If the expression rates of protein kinase C and/or receptor tyrosine kinase change in sponge
cells with respect to different environmental loads, then this system can be used for environmental
monitoring.

VI. CONCLUSIONS

It was not established until recently on the basis of molecular DNA sequencing data that sponges
(Porifera) evolved from the same ancestor as other Metazoa. They have the basic structural elements
and the signal transduction pathways present in other multicellular organisms. Sponges are primarily
filter-feeders and lack effective structural defense systems. Hence, these animals must have devel-
oped powerful metabolic strategies that enable them to endure unfavorable environmental condi-
tions. The outline of these pathways and their subsequent application in microscale assays for
monitoring aquatic pollution was the subject of this study.

Furthermore, the molecular probes have been isolated and characterized from a marine sponge,
Geodia cydonium. Heat shock protein hsp70, ubiquitin, protein kinase C, and receptor tyrosine
kinase may have future applications as biomarkers for stress response reactions.
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I. INTRODUCTION

Over the last decade, there has been tremendous progress made in the development of in vitro
cell systems for toxicological evaluation. Although a lot of effort has been devoted to applications
in medical sciences, there has been increasing interest in environmental toxicology. In vitro cell
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systems offer many advantages including low cost, rapidity, and availability of a wide range of cell
types, organisms, or endpoints. Such systems provide a unique opportunity for studying human
cells. In addition, they are compatible with complex environmental mixtures and have a significant
potential to reduce the number of animals in evaluation protocols. They are also particularly suitable
for investigation of mechanisms of toxicity. However, a major challenge is the validation of cellular
systems for their acceptance into regulatory toxicology.'”

In aquatic toxicology, fish cells have been used mainly to study the mechanisms of action of
environmental toxicants. Numerous biochemical processes have been investigated such as xenobi-
otic metabolism, induction of DNA damage and repair, membrane transport, ionic homeostasis
perturbation, oxidative stress, and expression of metallothioneins and stress proteins. The action
of xenobiotics on specialized cell functions, in particular those of immune cells, as well as the
response to estrogenic compounds, has received some attention. Work has also been performed to
validate test systems for environmental monitoring. The purpose of this review is to present the
advances that have been made in these areas of research with emphasis on the progress made over
the last five years, as reviews have appeared on the subject a few years ago.®$

ll. FISH CELLS IN THE STUDY OF ACTION MECHANISMS OF XENOBIOTICS

A. Biochemical Systems and Responses
1. Regulation of Xenobiotic-Metabolizing Enzymes
Regulation via the Ah Receptor

A number of studies on fish cells have focused on the mechanisms that regulate the expression
of xenobiotic-metabolizing enzymes. Regulation via activation of the aryl hydrocarbon (Ah) recep-
tor by environmental contaminants such as polycyclic aromatic hydrocarbons (PAHs) and haloge-
nated aromatic hydrocarbons (HAHs) has received particular attention. A significant step in this
area was the demonstration of the presence of the Ah receptor in fish liver cells by Lorenzen and
Okey.’ These authors reported the detection and characterization of the Ah receptor in the rainbow
trout hepatoma cell line RTH-149. Using sucrose density gradient analysis, they found that the
receptor sediments at about 9 S. The receptor binds several ligands known to be agonists for the
Ah receptor in mammalian systems, namely 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), 3-methyl-
cholanthrene (MC), and benzo[a]pyrene (BaP). The RTH-149 cells show a low concentration of
high-affinity receptor binding sites. The translocation of the Ah receptor-ligand complex to the
nucleus as well as the induction of aryl hydrocarbon hydroxylase (AHH) activity, which is an Ah
receptor-dependent response, also takes place in these hepatoma cells.’?

Subsequent studies confirmed the response of fish cells to compounds that act through the Ah
receptor. The induction of 7-ethoxyresorufin O-deethylase (EROD), a cytochrome P-450-dependent
activity which is associated with the isoform 1A1 (CYP1A1) and which corresponds to AHH, has
been shown in primary cultures of rainbow trout hepatocytes following exposure to (3-naphthoflavone
(BNF) and TCDD.!" In parallel with induced EROD activity, the amount of the protein CYP1Al, as
determined by ELISA using anti-cod P-450 1Al, is increased, whereas an elevated level of CYP1A1
mRNA is observable before that of the protein.!! Similar results on EROD induction by BP have been
presented by Masfaraud et al.!> Furthermore, in trout hepatocytes, the induced EROD activity can be
potentiated by glucocorticoids as previously observed in mammalian cells.!3

Acetaminophen is another agent that is capable of modulating cytochrome P-450 1Al in trout liver
cells. Indeed, addition of acetaminophen to liver cell cultures prepared from fish treated with the potent
CYPI1A1 inducer BNF help maintain elevated levels of P-450 1A1. The effects can be attributed to
stabilization of P-450 1A1 mRNA, although the mechanisms involved are not fully understood.'*
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Effects of Temperature Acclimation

The activity of xenobiotic-metabolizing enzymes in fish is influenced by environmental variables
such as temperature, and isolated cells have been used to study this phenomenon. The metabolism
of BP and the rate of 7-ethoxycoumarin deethylation have been measured in liver cells obtained
from cold-acclimated or warm-acclimated rainbow trout. The results show that the ability of rainbow
trout to oxidize xenobiotics by cytochrome P-450-dependent metabolism remains constant during
acclimation from warm to cold temperatures, whereas the ability to conjugate substances with
glucuronic acid decreases during the same period.'* Similarly, temperature effects can be seen in
a model using the gulf toadfish Opsanus beta and cultured hepatocytes from this species. The
toadfish were acclimated at 18 and 28°C, and hepatocytes prepared from these animals were
incubated at the previous temperatures. Under these conditions, temperature adaptations are seen
in cytochrome P-450 content, AHH, epoxide hydrolase, and UDP-glucuronyltransferase (UDPG)
activity but not in glutathione-S-transferase (GST). Because incomplete temperature acclimation
is observed in cultured cells as compared to what occurs in whole organisms, it appears that systemic
factors which are absent in vitro may be involved in vivo.' The fundamentals of temperature-
dependent responses in fish cells have been reviewed by Bols et al.!”

2. Biotransformation of Xenobiotics

Biotransformation pathways of BP, a representative PAH, have been studied in fish cells and
compared to those observed in vivo. Metabolites of BP have been detected in BP-exposed English
sole (Parophrys vetulus) hepatocyte cultures.'$ The metabolites are found in the form of glucuronide
and glutathione conjugates and to a lesser extent as the unconjugated BP-9,10-dihydrodiol. After
hydrolysis, the glucuronide conjugates yield BP-7,8-dihydrodiol, 1-hydroxy BP, and 3-hydroxy BP.
These metabolites are similar to those present in the bile and liver of English sole exposed to BP,
indicating that isolated hepatocytes from this fish can be used to study the mechanisms of xenobiotic
metabolism.

In addition to BP, pristane and chloramphenicol have been studied in trout hepatocytes to
demonstrate their biotransformation. Pristane, a widespread branched alkane found in the aquatic
environment, has been shown to be metabolized in vitro to pristanol, pristanediol, and pristanic
acid. It is worth mentioning that isolated hepatocytes give a metabolic profile that better correlates
with the in vivo situation than liver microsomes.'” The biotransformation pathways of chloram-
phenicol, a well-known toxicant, have been investigated in rat hepatocytes in addition to trout
hepatocytes. HPLC analysis shows that the major metabolite is the glucuronide conjugate in both
species, while some differences appear between the rat and the trout in the first phase of metabolism
(phase 1) prior to conjugation. The data obtained with the previous compounds suggest that cell
systems would be suitable for predicting metabolic pathways in the whole animal.?

3. Induction of DNA Damage and Repair

The genotoxic response of cultured fish cells to both physical and chemical agents has been
described, although lately, a limited number of reports have been published on this topic. DNA
adduct formation following exposure to the carcinogens BP and 7,12-dimethylbenz[a]anthracene
(DMBA) has been studied in cell lines derived from bluegill fry (BF-2), rainbow trout (RTG-2),
and brown bullhead (BB).?' The major BP-DNA adduct in the BB and BF-2 cells is that formed
by reaction of (+)anti-PB-7,8-diol-9,10 epoxide [(+)anti-BPDE] with deoxyguanosine. In RTG-2
cells, the previous adduct is also found, but to a lesser extent, while other unidentified adducts are
present. DMBA-3,4-diol-1,2-epoxide adducts are detected in BB cells but not in significant amounts
in RTG-2 and BF-2 cell DNA. The ability to form glucuronide conjugates with BP-7,8-diol is
inversely correlated with BP-DNA binding activity through BPDE, suggesting that conjugation
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protects against genotoxicity. In primary cultures of rainbow trout hepatocytes, BP has also been
shown to produce DNA adducts, as detected by the 3?P-postlabeling assay. In this case, the DNA-
adduct pattern is very similar to that found in the liver after treatment in vivo.!?> The previous results
illustrate that fish cells are good models for studying the mechanisms of action of genotoxic
carcinogens.

Fish cells have also been exposed to DNA-damaging radiation, and resistance mechanisms have
been described. Kurihara et al.?? have irradiated mudminnow (ULF-23) and goldfish (CAF-31) cells
with low doses of X-rays and looked at chromosomal aberrations and micronucleus formation. It
was found that cells exposed to the radiation become less sensitive to subsequent exposures to high
doses of X-rays. In addition, the adaptive response is greater when the first dose is given during
the G1 phase as compared to the S phase of the cell cycle. This response involves poly (ADP-
ribose) polymerase and DNA polymerase o, as indicated by the effects of inhibitors of these
enzymes, suggesting that a DNA excision repair system is involved. These data confirm that fish
cells possess radio-adaptive response (RAR) mechanisms similar to those previously described for
mammalian cells.?? Moreover, fish cells exhibit DNA photorepair ability. This was concluded from
goldfish cells (erythrophoroma line GEM 218) exposed to UV radiation. The induction of pyrimi-
dine dimers, a major cytotoxicological lesion due to UV, was followed and the results indicate that
fish cells have an efficient photoreactivation system at wavelength >304 nm that reverses cytotox-
icity and dimer formation after exposure to irradiation at a shorter wavelength (1 > 290 nm). Such
a response has not been detected in normal human fibroblasts used for comparison with fish cells
in this study.?

4. S-phase DNA Synthesis

Peroxisome proliferators are a class of nongenotoxic carcinogens that have been well studied
in rodents. A number of such agents show mitogenic properties in rat hepatocytes and this property
has been related to their carcinogenic potential. In fish, very little is known regarding the action
of peroxisome proliferators. With the aim of filling this knowledge gap, Baldwin et al.* examined
the ability of a series of structurally diverse peroxisome proliferators to induce S-phase synthesis
in primary cultures of rainbow trout and medaka hepatocytes. In vivo/in vitro comparisons were
carried out with lead nitrate, one of the compounds tested, which is a potent rodent liver mitogen.
It was found that none of the peroxisome proliferators induces S-phase DNA synthesis in the fish
cultures. These results support the view that the fish species studied differ from rodents in their
response to peroxisome proliferators.

5. Function of Cell Membrane Transport Systems

In fish cells, the transport of xenobiotics as well as the effects of xenobiotics on the transport
of endogenous agents have been looked at. The uptake of cadmium (Cd) by respiratory epithelial
gill cells from rainbow trout has been described. Cells were prepared using trypsinization, grown
in Petri dishes, and uptake experiments were performed on 13- to 15-day-old cultures. Interestingly,
attention was paid to the influence of Cd speciation on the transport of Cd. The results suggest that
Cd is mainly taken up by the cells as Cd*, although Cd can also be transported through the
membrane in the form of CdCl,. In addition, as lanthanum fails to affect Cd uptake, it appears that
the latter would not occur via lanthanum-sensitive calcium channels. However in this system, the
availability of Cd is increased by xanthates, indicating the formation of hydrophobic metal com-
plexes that penetrate the lipid bilayer of the plasma membrane.?

Membrane ion transport systems have been shown to be affected by aquatic contaminants.
Using rainbow trout hepatocytes, Rabergh et al.?¢ investigated the action on cell membrane systems
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of two common resin acids, dehydroabietic acid (DHAA) and isopimaric acid (IPA). Resin acids
are toxic compounds found as contaminants in the effluents of pulp and paper mill industries, and
DHAA and IPA are among the most abundant. The effects on potassium efflux, potassium influx
through the K*/Na* pump, and on the uptake of two bile acids, cholic acid (CHA) and taurocholic
acid (TCHA), were examined. It was found that both resin acids inhibit K*/Na*-pump activity and
the uptake of bile acids, although the latter occurred at lower concentrations of resin acids,
suggesting that it is not merely a consequence of K*/Na* pump blockade. These results provide
information that can be useful in elucidating the mechanisms of action of resin acids that cause
liver dysfunction and jaundice in fish in vivo. Inhibition of uptake of bilirubin by resin acids in a
way similar to that observed with bile acids could be an important factor in the development of
jaundice in fish exposed to these contaminants.

6. Perturbation of lonic Homeostasis

In recent years, there has been a lot of discussion about the role of Ca?* homeostasis alterations
in the process of cell death caused by toxic agents in mammalian cells.?’?® Investigations of the
perturbations of ionic homeostasis and ion metabolism by xenobiotics in fish cells are very few. A
detailed study has been carried out with tri-n-butyltin (TBT). TBT is among the most effective
bactericides and fungicides known and, as a result of its use in antifouling paints to combat the
proliferation of aquatic organisms which encrust on ship hulls, it is found as a highly toxic
contaminant in aquatic ecosystems. The effect of TBT on intracellular free Ca®* levels ([Ca**]indice)
was examined in isolated rainbow trout hepatocytes using flow cytometry. This powerful method-
ological approach allows live and dead cells to be discriminated and changes in situ to be detected
in individual cells in heterogeneous populations. TBT induces a sustained elevation of [Ca**]indice
in trout hepatocytes before loss of cell viability is detectable. At the same time, a severe depletion
of cellular thiols is seen.?” In addition to perturbations in [Ca?*]Jindice, TBT causes a significant
reduction in intracellular pH which appears to be caused by the combination of intracellular Ca?*
mobilization and by direct action of the compound.®® It can be hypothesized that lowering the
intracellular pH protects the cells against the action of degradative enzymes which have an optimum
pH around 7. In another series of experiments, Virkii and Nikinmaa®! demonstrated that TBT affects
the adrenergic response in erythrocytes of rainbow trout. More specifically, TBT inhibits the
isoproterenol-induced efflux of protons, uptake of Na* and CI-, and cell swelling, indicating an
interference with the Na*/H* exchanger. The previous results stress the importance of considering
several parameters pertaining to ionic homeostasis because they are interrelated and can reciprocally
influence each other.

7. Expression of lonic Mimicry

Regarding the interactions of environmental contaminants with Ca?* metabolism in fish cells,
an interesting phenomenon has been described with Cd. It is recognized that Cd?* resembles Ca?*
in at least two ways: these ions have the same charge and approximately the same ionic radius.
Cd? therefore has the potential to replace Ca** at various sites in the cell. One such site is
calmodulin, a ubiquitous calcium-binding protein that regulates many calcium-dependent processes.
It has been shown that Cd** can interact with calmodulin. In the rainbow trout gonadal cells RTG-2,
calmodulin accounts for about 0.7% of the soluble proteins. Calcium-dependent phosphorylation
of numerous cytosolic proteins of RTG-2 cells can be observed in vitro. It is quite striking to see
that Cd is as effective as calcium in stimulating calmodulin-dependent protein phosphorylation in
cytosolic fractions of RTG-2 cells.’? These results point to a possible action of Cd as a signal
transduction disruptor in fish cells via interference with calcium-mediated signals. The implications
of such an action at the physiological level could be very important.
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8. Induction of Oxidative Stress

Oxidative stress is one of the serious consequences of intoxication of cells by numerous
xenobiotics including environmental agents. The herbicide paraquat belongs to this group of agents.
Data from mammalian systems have shown that it is an inducer of redox-cycling reactions and of
oxidative stress. Bluegill sunfish BF-2 cells have been used to study oxidative stress in fish cells
exposed to paraquat and H,0,, and a comparison with mammalian cells was made. It was found
that the cells are sensitive to both agents and that chelation of Fe?* reduces their cytotoxicity,
presumably by preventing hydroxyl radical formation in the Fenton reaction.*® The cytotoxic
response in the case of H,0, is antagonized by quin-2, AM, a calcium chelating agent, suggesting
that calcium homeostasis is involved in the cytotoxicity of this oxidative stress-inducing agent in
fish cells. It is also interesting to note that the mammalian cells examined in this study are
approximately ten times more sensitive than the fish cells. It can be concluded that, although
oxidative stress responses are shared by mammalian and lower vertebrate cells, fish systems appear
sufficiently different to deserve attention on their own.

9. Expression of Metallothioneins and Stress Proteins
Metallothioneins

Proteins such as metallothioneins (MT), and to a lesser extent stress proteins, which are induced
in response to various stressors, have received special attention, in particular in view of the fact
that they could serve as biomarkers in environmental monitoring. MT induction and metal homeo-
stasis in rainbow trout hepatocytes have been described.?** Trout hepatocytes exposed to HgCl,
significantly accumulate the metal which mainly binds to low-molecular-weight components present
in the cells. Although MT synthesis is induced, it does not appear to play a significant role in the
sequestration of Hg. In parallel, elevated levels of Cu and Zn are seen which could be related to
MT induction.* In a series of experiments similar to those performed for Hg, it was observed that
Cd induces the synthesis of MT in trout hepatocytes. After uptake by the cells, in contrast to Hg,
Cd is mainly associated with cytosolic high- and middle-molecular-weight components, the latter
including MT. As similarly detected for Hg, an increase in intracellular Cu and Zn is measured as
a result of exposure to Cd and, presumably, MT induction.* Olsson et al.’¢ also reported the
induction of MT in primary cultures of trout hepatocytes which occurs in the presence of Zn,
cortisol, and corticosterone. In cultures treated with Zn or cortisol, there is a high temporal
correlation between MT mRNA and MT protein levels. In contrast to the hepatocytes, the cell line
RTH-149 did not respond to the steroid hormones, indicating that primary cultures could provide
a better model than immortal cell lines for investigating the inducibility of MT.

In the same line of investigation, George and his colleagues®” demonstrated the induction of
MT mRNA and MT levels by Cd in a fibroblast cell line derived from a marine flatfish, the turbot
Scophthalmus maximus. Cu, Hg, and Zn also produce the induction of MT, whereas Pb is inactive.
Furthermore, the effects of hormones on MT synthesis were verified using the same turbot cell line
and RTG-2 cells. The data obtained show that only the turbot cells respond to glucocorticoid and
progesterone treatments with modest induction of MT (1.5- to twofold increases), whereas neither
cell line responds to estradiol. From the results of their study, the authors point to an important
fact pertaining to the applicability of MT as a biomarker in environmental monitoring. Indeed, they
indicate that levels less than threefold higher than reference sites in MT levels must be disregarded
for heavy-metal pollution monitoring.*

The regulation of trout MT isoforms has been studied at the genetic level in fish cell culture
systems. By applying a novel technique of primer extension and DNA sequencing, it was established
that there is a higher response of MTa to ZnCl, and CdCl, compared to MTb in the trout gonadal
cell line RTG-2.3° Furthermore, the contribution of the two metal-responsive elements (MREs) of
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the rainbow trout MT-B gene has been evaluated using gene fusion and transfection of the RTH-
149 cell line. It was found that both elements cooperate to elicit a significant response to Zn.*

Stress Proteins

In addition to MT metabolism, the response to metals involving the induction of stress proteins
such as hsp70 has been modeled in fish cells. Recently, Ryan and Hightower*' took advantage of
two fish cell culture systems, the PLHC-1 cells, derived from a hepatocellular carcinoma in the
topminnow Poeciliopsis lucida, and primary cultures of renal tubule cells obtained from the winter
flounder Pleuronectes americanus. In PLHC-1 cells, increases in stress proteins are detectable
following Cd (six proteins) and Cu exposure (four proteins). In flounder kidney cells, similar
changes are observed except that there is a smaller number of proteins that can be detected
(three proteins). In both cell systems, two proteins, hsp70 and a 27-kDa protein, are identifiable
following exposure to either Cd or Cu. It remains to be seen whether potential molecular markers
expressed in vitro will behave similarly in vivo and thus be useful as environmental biomarkers.*!

B. Morphological Changes in the Cytotoxic Response

Ultrastructural analysis has been put forward as a tool for investigating the action of toxic
substances on fish cells. Mayer et al.,*? using the R1 cell line established from liver tissue of rainbow
trout, showed ultrastructural alterations induced by urea, copper sulfate, and sodium nitrite. A
segmented nucleus is the most evident change seen after exposure to high levels of urea, whereas
cytoplasmic changes are observed with copper sulfate. Sodium nitrite leads to both nuclear and
cytoplasmic changes. From their data, Mayer et al.*? proposed that electron microscopical analysis
be used as a complement in in vitro screening procedures. Similarly, an attempt was made to
evaluate the substance-specificity of hepatocellular reactions in vitro. For this purpose, Zahn and
Braunbeck® exposed rainbow trout hepatocytes to dinitro-o-cresol and 2,4-dichlorophenol. They
found that both specific and unspecific changes occur, the latter involving heterochromatin, RER
cisternae, lysosomes, glycogenosomes, myelinated bodies, and large vacuoles. These authors
pointed out that unspecific changes could serve as rapid biomarkers of contamination by chemicals,
and specific changes as markers for the diagnosis of toxicants.*> However, discrepancies between
cytological alteration in vivo and in vitro in rainbow trout hepatocytes have been observed following
treatment with 4-chloroaniline.** These discrepancies have been attributed to differences in meta-
bolic pathway activation or modulation of responses by systemic factors in vivo.

In another study, the morphological alterations caused by acetaminophen in liver cells of rainbow
trout were investigated in an effort to better characterize the hepatotoxicity of this compound. The
rearrangement of mitochondria is a striking change induced by acetaminophen in these cells. An
interesting feature is the absence of detectable DNA fragmentation in contrast to what is seen in
mouse liver cells. It therefore appears that trout cells provide a system in which acetaminophen
cytotoxicity can be studied without the effects that are secondary to DNA fragmentation.*

C. Action of Xenobiotics on Specialized Cell Functions
1. Immune Cell Function

In vitro approaches have been applied to study the action of xenobiotics on the cells of the
immune system. So far as aquatic pollutants are concerned, the cytotoxicity and functional impair-
ment of blood and head kidney leukocytes and phagocytes of rainbow trout exposed to mercury
in vitro have been reported.*® Cell viability, mixed leukocyte reaction, leukocyte mitogenic response,
phagocytic response, and oxidative burst of phagocytes were monitored over a wide range of
mercuric chloride and methylmercury concentrations. The effects on functional activities were
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Table 7.1 Fish Cells Used in Toxicity Testing

Name Type Origin

R1 FCL' Rainbow trout liver

BB Posterior trunk tissue from brown bullhead
RTG-2 FCL' Rainbow trout gonads

Hepatocytes PC? Rainbow trout liver

GFS FCL'  Goldfish scale

BG/F ECL®  Fin tissue from bluegill sunfish

Gill, fin, and gonad tissue cells  PC? Brown bullhead

FHM ECL3 Tissue posterior to the anus from fathead minnow
CCB FCL'  Carp brain

OLF-136 FCL' Mekada fin

PLHC-1 HCL*  Topminnow

' FCL = fibroblastic cell line
2 PC = primary culture

3 ECL = epithelioid cell line
4 HCL = hepatoma cell line

almost exclusively seen at cytotoxic concentrations. It was concluded that the mercurials cause a
nonspecific impairment of immune cellular functions. Fish leukocytes have also been used to
investigate the signal transduction pathways involved in mitogen stimulation. The system involved
stimulation of channel catfish peripheral blood leukocytes with the model compound 12-O-tetrade-
canoylphorbol 13-acetate (TPA).#” The results obtained suggest that the phosphatidylinositol bis-
phosphate pathway is involved in transmembrane signaling, as is the case in mammalian lympho-
cytes. Invaluable information on the mechanisms of action of xenobiotics that affect immune
functions could be gained by employing similar models for environmental contaminants.

2. Estrogenic Response

The response of rainbow trout hepatocytes to estrogens has been studied in vitro. When exposed
to estradiol-17 f (E,), these cells produce vitellogenin, a large protein that is sequestered by the
oocytes of oviparous vertebrates and stored as food supply for the future embryo. Pelissero et al.*
have tested a number of hormones and phytoestrogens in the trout hepatocyte culture system. They
found that the cells respond to E, by expressing vitellogenin in a concentration-dependent manner,
whereas the phytoestrogens are also active but much less potent than E,. The observation that
tamoxifen inhibits the induction of vitellogenin supports the conclusion that this function is estro-
gen-dependent. The authors propose that trout hepatocyte cultures could be used as the basis of a
test to detect the estrogenicity of chemicals. This system is all the more interesting since liver cells
could perform biotransformations that may be necessary for the estrogenicity of certain compounds
to be expressed.

lll. FISH CELLS IN TOXICITY TESTING
A. Validation of Established Systems

The principles for the validation of in vitro toxicology methods have been discussed previ-
ously.!* With fish cells, the emphasis has been put on in vivo/in vitro comparisons. About a dozen
cell types have been used, and established cell lines have been mostly involved (Table 7.1). Studies
have investigated series of chemically-related compounds and series of various reference com-
pounds. In addition, tests on environmental samples have been performed. Tables 7.2 and 7.3 give
an overview of the studies carried out with series of chemicals. It can be seen that neutral red
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Table 7.2 Validation of Fish Cell Assays with Series of Chemically-Related Compounds

In Vivo Data

Used Correlation
Test Chemicals Cell Type In Vitro Assay  for Comparison In Vivo/in Vitro Reference
Inorganic and BG/F NR? Published LCs, Good Babich and
organic lead for P. platessa Borenfreund®
compounds
Phenol + 14 GFS NR!' Published LCs, Good (r > 0.9) Saito et al.®
chlorophenols for goldfish,
guppy, killifish,
and killifish
embryo
45 pesticides GFS NR? Published LCs, Good Saito et al.®
for carp
Polycyclic BB NR! — — Martin-Alguacil
aromatic RTG-2 et al.®
hydrocarbons
Chlorinated Primary cultures
pesticides of cells from
gill, fin, and
gonad tissue of
brown
bullhead.
19 lipophilic FHM ECs = Published LCy, Poor Dierickx®0
solvents concentration for golden orfe
required for
50% reduction
in protein
content
13 anilines GFS NR? Published LCq, Good Saito et al.®”
10 aldehydes for guppies
Phenol + 14 CCB NR? — — Saito and
chlorophenols OLF-136 Shigeoka®®
13 metal salts R1 NR! Published LCs, Goodforcationic ~ Segner et al.>!
for goiden ide, metals
bluegill sunfish, (0.64 <r<0.92)
and rainbow No correlation
trout for metal
complexes
14 chlorophenols  GFS MTT? Published LCg, Good Saito et al.®®
LDH? for goldfish, (0.89 <r <0.97)
guppy, and
medaka
21 organotin PLHC-1 NR? Published LCs, Good Briischweiler
compounds MTT? LCs, for red (0.80<r<0.86) etal™
BrdU* killifish
Cvs

* NR = Neutral red; 2MTT = tetrazolium salt reduction; 3LDH = lactate dehydrogenase; “BrdU = bromodeoxyridine;

5 CV = crystal violet

uptake is by far the most widely used assay. In the vast majority of cases, good in vivo/in vitro
correlations are obtained when comparisons of 1C,,s (concentrations that inhibit the response by
50% as determined in vitro) with LCys (found in the literature) are made. However, it is worth
mentioning that in most cases, interspecies rather that intraspecies comparisons are performed. This
indicates that the in vivo database lacks information and therefore is not completely suitable for
the validation process, a handicap already encountered in mammalian toxicology. Despite the
generally good in vivo/in vitro correlations, a number of exceptions are reported, however, in
particular for lipophilic solvents®® and metal complexes,’! the cause of which is not understood.
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Table 7.3 Validation of Fish Cell Assays with Series of Various Reference Chemicals

Number of Cell In Vivo Data In Vivo/In Vitro
Compounds System Assay Used for Comparison Correlation Reference
15 R1 NR? Published LCs, forgolden Good Lenz et al.”!
Cv? ide
MTT?
29 FHM NR? Published LC4, forgolden  Good Dierickx and
orfe (r=0.98) Van De Vyver’
50 FHM NR! Published LC, forgolden Good Brandao et al.”
orfe (r=0.89)
109 GFS NR! Published LCg, for Good Saito et al.”
fathead minnow and (r = 0.95)
guppy
30 R1 CVv? Published LC,forgolden Good Segner and
ide (r=0.84, Lenz’s
n=21)
25 FHM Protein Published LC4, forgolden Good Dierickx™®
content orfe (r = 0.90)
50 Primary cultures of #Rb leakage Immobility in Daphnia Poor Lilius et al.””
rainbow trout magna (r=0.71)
hepatocytes
10 RTG-2 NR! Published LCqg, for Inconclusive Lange et al.7®
MTT? fathead minnow,

Brachydanio rerio, and
Phoxinus neogaeus

30 Freshly isolated gill  Viability with  Published LCy, for Good Lilius et al.”
epithelial cellsand  Calcein-NM  rainbow, fathead (r2 = 0.87 for
rainbow trout minnow, guppy, and epithelial
hepatocytes bluegill sunfish cells)

" NR = Neutra! red
2 CV = Crystal violet
3 MTT = Tratrazalium salt reduction

These exceptions ought to be especially studied in order to elucidate why such discrepancies are
observed. This knowledge should further our assessment of in vitro test system limitations and
provide unique opportunities to use these systems in an optimum way.

The attempts that have been made to test the response of fish cells to environmental samples
have also been considered successful. Recent studies in this area are presented in Table 7.4. Rusche
and Kohlpoth® found a very good correspondence between in vitro results and those obtained in
parallel with fish tests using golden ide, supporting the view evolving from data on single chemicals.
In the other studies, although there was no direct in vivo evaluation, the authors draw conclusions
about the usefulness of the models for detection of toxic potential of complex samples. In addition
to the search for in vivo/in vitro relationships, there has been work aimed at comparing fish cells
to mammalian cells in in vitro toxicity evaluation. The investigation of Devlin and Mottet,>* based
on the use of RTG-2 and Chinese hamster ovary (CHO) cells exposed to methylmercury, provides
a good example of such an approach. It underlines the fact that in vitro systems may facilitate
interspecies comparisons.

Recently, Gagné and Blaise’* developed a particularly interesting strategy for the validation of
the rainbow trout hepatocyte model for testing industrial wastewater. They applied artificial network
modeling to analyze in vitro cytotoxicity data to predict whole-fish toxicity. They found that artificial
neural network modeling of in vitro data allows the investigator to classify toxic effluents in a way
that is predictive of what is observed in vivo with trout in the 96-h bioassay. This approach could
be quite useful for screening large numbers of wastewater samples and to proceed to in vivo
evaluation only when it is deemed necessary.>*
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Table 7.4 Bioassay Systems Based on Fish Cells to Evaluate the Toxicity of Environmental Samples

Samples Remarks Evaluation of
Tested Cell Type Assay by Authors Model(s) Reference
Paper mill Primary LDH? Primary hepatocytes  Pesonen and
effluents cultures of Glutathione provide convenient Anderssong?
rainbow trout  Cytochrome method for
hepatocytes P-450 activity screening
cytochrome P-450-
inducing activity
and study of cell
injury mechanisms
362 wastewater R 1 Ccvz 86.8% Alternative method Rusche and
samples correspondence to solve conflict Kohlpoth%2
with fish test between German
Wastewater Actand
German Animal
Welfare Act.
Sediment BB NR3 Synergistic Good potential for Ali et al.®
extracts in two uDS* interaction model system
fractions (two between the two
groups of fractions
chemicalis)
Extracts of RTG-2 Cell viability Six toxic fractions Allow risk Vega et al .8
organic Intracellular out of 210 from assessment of fish
compounds ATP HPLC fractionation canning effluents
from fish- of toxic
canning concentrates
factory
effluents
Sediment Primary Cell viability, Positive correlation Pertinent model to Gagné et al.®
extracts in the cultures of nick between polycyclic detect (geno)toxic
vicinity of a rainbow trout translation, aromatic compounds in
creosote- hepatocytes and alkaline hydrocarbons in contaminated
treated wharf precipitation samples and sediments
(genotoxicity) genotoxicity
Seepage Primary LDH' Multitiered approach ~ Zahn et al.8
waters from cultures of EMS, proposed with
garbage rainbow trout  NR3, permanentcell lines
dumps hepatocytes Ccv? and hepatocytes

' LDH = lactate dehydrogenase; 2CV = crystal violet; MR = neutral; ‘UDS = unscheduled DNA synthesis; EM =
electron microscopy

B. Development of Novel Systems

Although many well-established fish cell lines and primary culture systems have been used in
toxicity testing, there is ongoing development of systems proposing novel ways to exploit existing
models or dealing with the use of new cell types. For example, rainbow trout hepatocytes have
been applied to the study of the cytotoxicity of binary mixtures of metals in an effort to detect
possible antagonistic or synergistic interactions. The data based on the release of lactate dehydro-
genase (LDH) reveal increased sensitivity to Cd when Cu is present; this modulation cannot be
attributed to changes in uptake of metals by the cells.?

In a different facet of the investigation, the RTG-2 cell line has been shown to provide a good
bioindicator for the toxicity of fractions of complex environmental mixtures. Indeed, in combination
with concentration/fractionation procedures (HPLC), these cells allow the identification of the toxic
fractions in an effluent. This approach has many advantages: it requires only small quantities of
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material, whereas in vivo tests require amounts that may be difficult and costly to obtain. Further-
more, it gives ecotoxicological information without the need to identify all the chemicals in the
sample.’637 Biodetection such as that performed with RTG-2 cells should be used more in the future.

A number of researchers have also devoted efforts to characterizing new fish cell systems.
Roche et al.’® worked on erythrocytes of a marine fish (Dicentrarchus labrax) and investigated the
culture conditions and the metabolic status of the cells in order to propose a new in vitro toxicity
test. For their part, Collodi et al.*® developed methods for the culture of cells from blastula-stage
diploid and haploid zebrafish embryos and from various tissues of adult fish. In addition, this group
has shown that gene transfection as performed in mammalian cells can also be applied to zebrafish
cell cultures, thereby providing a way to modify the genotype and phenotype of the cells. In another
study, Chen et al.®* demonstrated the culture of grass carp lip and embryo cells on Cytodex 3 and
GT-2 microcarriers in a bioreactor. Such a system allows the propagation of virus for vaccine
production. Recently, Lee et al.! developed and characterized a new rainbow trout liver cell line
(RTL-W1) expressing cytochrome P-450-dependent activity that can be useful for assessing the
toxic potential of environmental contaminants.

A particularly interesting cell culture system has been developed by Williams et al.® to examine
the possible role of exposure to aromatic hydrocarbons (AH) in the development of eye lens cataract
in some fish species. They have established a procedure for the in vitro growth and differentiation
of eye lens epithelial cells from the marine teleost spot Leiostomus xanthurus. This system allows
the direct effects of toxic pollutants on these cells to be studied, as opposed to the result of reactions
at the level of the whole organism. Exposure of the cultured lens cells to the BP metabolite
benzo[a Jpyrene-7,8-dihydrodiol leads to interference with the synthesis of DNA, RNA, and pro-
teins. The impact of these biochemical changes on the physiology of the lens epithelium remains
to be investigated further.

IV. CONCLUSIONS

A survey of the literature on fish cells in toxicological evaluation highlights important features.
First, the diversity of mechanisms and biochemical endpoints being considered is expanding
steadily, showing dynamic development that is expected to continue in the years to come. Second,
validation has taken a significant step forward and the conclusions reached so far are positive. A
consensus is indeed emerging that cytotoxicity assays could provide reliable information in envi-
ronmental surveillance programs. Third, an area that is clearly deserving is that of toxic mechanisms
that interfere with specialized cell functions. More efforts should be devoted to improving our
knowledge and investigation methods in this area. Overall, fish cell models have now been firmly
established as invaluable tools in toxicological evaluation, and the place that they have taken can
only grow in importance in the future.
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I. INTRODUCTION

Cancer is not specific to humans and may also affect wildlife. A number of isolated as well as
epizootic neoplasms have been reported since the mid-20th century in aquatic populations. The
first case of liver cancer in wild fish populations, where poliution was suspected as a possible
etiological factor, was noticed in white suckers in Maryland.! Later studies confirmed that liver
tumors appeared to be associated with pollution more than any other tumor type in flatfish,?> though
skin neoplasms besides epidermal lesions have also been described.®® Polycyclic aromatic hydro-
carbons could be identified as partly responsible for the increase in neoplasm prevalence in fish
living in contaminated areas.” However, correlations between exposure to known genotoxic pollut-
ants and prevalence of cancer in aquatic species was poor. It was thus suggested that a number of
unidentified chemical factors acting as carcinogens, cocarcinogens, or tumor promoters could be
involved in the disease.!® These chemical substances can be anthropogenic contaminants, but may
also have a natural origin. Some strong tumor promoters, such as okadaic acid produced by sponges,
can be found among other aquatic toxins of fungi, blue green algae, and dinoflagellates. Little
attention has been paid up to now to nongenotoxic carcinogens, compared to the genotoxic ones.
Yet, their relation to cancer may be important and certainly deserves to be taken into account.
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Figure 8.1 Multistage process of carcinogenesis according to Harris. (Adapted from Harris, C. C., Cancer Res.,
51, 5023s, 1991.)

A few models based on the use of mammalian cells have been developed to screen nongenotoxic
carcinogens. These mammalian models still need to be standardized and are not yet currently
applied in toxicity screening. However, it should be emphasized that in vitro screening for aquatic
toxicity could benefit from the experience gained in working with mammalian cells. This could
then be useful for developing cellular models derived from aquatic species.

In the following chapter, we shall focus on mechanisms of carcinogenesis from which arose
in vitro mammalian assays to detect carcinogens, especially the nongenotoxic ones. As an intro-
duction to these methods, it seems logical to recall the basic concepts of carcinogenesis and the
problems posed by nongenotoxic carcinogens.

Il. GENOTOXIC AND NONGENOTOXIC CARCINOGENS

At present, the assessment of the biological risk due to environmental chemical carcinogenesis
is based largely on short-term genotoxicity assays using prokaryotic and eukaryotic cells. While
this approach is useful, it can only detect genotoxic chemicals. Since nearly 40% of carcinogens
are nongenotoxic (epigenetic carcinogens) according to the U.S. National Toxicology Program,
they will escape the in vitro screening currently applied. For such chemicals, carcinogenicity can
only be detected by means of long-term animal experiments or epidemiological studies. Unfortu-
nately, the use of animal experiments is time consuming and costly, and thus cannot be applied to
all chemicals and to environmental contaminants. There is an urgent need, therefore, to develop
and to validate in vitro assays for the detection of nongenotoxic carcinogens in order to complete
the battery of short-term bioassays for carcinogenicity.

Carcinogenesis is a multistage process resulting from complex interactions of genetic and
epigenetic factors (Figure 8.1). At the moment, there is a consensus to classify carcinogens into
two groups:

1. Genotoxic carcinogens including mutagens, which may react with DNA and irreversibly alter the
genome. They are capable of initiating cells and are named initiators. Initiators involve chemicals,
radiations (UV, X-rays, etc.), as well as viruses causing genetic damage. The initiated cells have a
decreased responsiveness to inter- and intracellular signals that maintain normal tissue homeostasis.
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Initiated cells may be less responsive to negative growth factors, to inducers of terminal cell
differentiation and/or programmed cell death.!! DNA damage able to alter protooncogenes and/or
tumor suppressor gene expression enhances the probability for initiated cells to convert to malig-
nancy. Progression to malignancy can also be increased when the genes involved in the control of
cell cycle and mitosis are mutated.

2. Nongenotoxic carcinogens, which may alter the proliferation and the differentiation patterns in
cells.!? They may perturb DNA repair systems leading to a fixation of DNA lesions,'? thus increasing
the survival of initiated cells. Cellular targets which lead to a disturbance of these processes are
multiple and involve mechanisms such as:

+ Interference with transduction signals which control normal cell growth and differentiation

» Activation of protein kinase C and inhibition of protein phosphatases

+ Activation of the metabolism of polyamines (activating ornithine decarboxylase, the rate-limiting
enzyme of the synthesis of polyamines which are directly linked to cell proliferation)!4

« Increase in the production of free radicals

+ Structural and functional alterations of cytoplasmic membranes and disturbances of intercellular
communications

+ Inhibition of mechanisms involved in apoptosis!

+ Modification of the DNA methylation profile!¢

Cyclin-dependent kinases which play an important role in eukaryotic cell cycle regulation, for
example by interaction with transcription factors, by phosphorylation of histone H1, or by phos-
phorylation of retinoblastoma susceptibility gene product (pRb), may also contribute to the devel-
opment of neoplastic disorders.!”!® These crucial events should be considered in the development
of in vitro assays for carcinogenicity.

The variety of the mechanisms involved in the control of cell cycle and mitosis explains the
difficulty in screening nongenotoxic carcinogens. Several endpoints would have to be investigated
to detect these properties, unless a criterion integrating the effects of these various disturbances
can be used. Morphological transformation seems to fulfill this last characteristic. Indeed, malignant
cells exhibit progressive phenotypic changes during tumor progression: loss of contact inhibition,
increase in the ratio of nucleus/cytoplasm volume, change in the morphology of cells and colonies
due to cytoskeleton alterations. These changes either precede or occur concomitantly with genomic
disturbances. Indeed, cancer cells display chromosomal instability, abnormal number (aneuploidy),
and chromosomal structural changes such as amplification and translocation of genes.!! Thus, these
changes in cell morphology can be criteria for carcinogenicity.

In the following sections, we shall focus on three relevant and promising assays for detection
of carcinogens. The Syrian hamster embryo (SHE) cell transformation system and measurements
of intercellular communication through gap junctions will be especially described. The former has
recently been proposed as an Organization for Economic Cooperation and Development (OECD)
guideline for the testing of chemicals. The gap junctional intercellular communication (GJIC) assays
are also considered within the objectives of OECD. Poly(ADP ribosyl)ation involved in DNA repair
will also be considered due to its importance in maintaining the integrity of the genome and its
relevance as a criterion for nongenotoxic carcinogenicity, though this field of research has not been
investigated nearly as broadly as the former two.

Ill. IN VITRO CELL TRANSFORMATION ASSAY

Various in vitro cell transformation systems have been developed using established cell lines
such as BALB/3T3," C3H10T1/2,?° or primary or secondary SHE cells.?!>2 The endpoint of such
systems is the formation of either transformed foci for cell lines (BALB/3T3, C3H10T1/2) or
morphologically transformed colonies for SHE cells. Morphological transformation (MT) is a
recognized step in the multistage process of the conversion of a nontumorigenic to a neoplastic
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Figure 8.2 Colonies of Syrian hamster embryo cells after 7 days of growth at cloning density in Dulbecco’s
modified Eagle’s medium supplemented with 15% fetal calf serum. Normal colony of cells (x80)
(a). Morphologically transformed colony of SHE cells (x60) (b).

state. MT phenotype is characterized by loss of contact inhibition, pattern of growth in three
dimensions within the colony resulting in random (criss cross) orientation. Cells in MT colonies
are more basophilic and display an increased nuclear to cytoplasmic ratio (Figure 8.2).

Though established cells lines can be grown easily in vitro, they have some disadvantages due
to their subtetraploidy, their limited metabolizing capacities, their high level of spontaneous trans-
formation frequency and the long time needed (three to eight weeks) for the transformation to be
expressed.!?

In contrast, primary SHE cells are normal diploid cells with metabolizing capacities and low
spontaneous transformation frequency. Morphological transformation of SHE cells closely mimics
the first steps of the carcinogenic process. Several studies showed a good correlation between the
multistage neoplastic transformation of SHE cells and ir vivo carcinogenesis.”>?’ Cells derived
from transformed colonies were shown to induce tumor formation when inoculated in an isogenic
animal.?!

Moreover the SHE cell morphological transformation assay may detect nongenotoxic as well
as genotoxic carcinogens. This argues in favor of the use of this assay for the screening of
carcinogens. The synergistic effects between genotoxic and nongenotoxic chemicals could be shown
in the SHE cell assay by using a sequential treatment consisting of an initiation-promotion procedure
(Figure 8.3).

In order to assess the transforming capacity of a chemical, SHE cells are seeded at clonal
density on a monolayer of feeder cells and treated for one to seven days with the tested compound.
The latter can be applied alone or associated with other carcinogens, initiators, or tumor promoters,
in order to detect interacting effects. Coexposure or sequential treatment is carried out with
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Figure 8.4 FEffects of chlorothalonil on cloning efficiency and morphological transformation of primary SHE
cells. Cells were exposed for 24 h to: (A) 0.1 ug/mL BaP followed by single treatment of chlorothalonil
at day 2; (B) 0.1 ug/mL BaP followed by two applications of chlorothalonil at day 2 and day 5; (C)
0.2 ug/mL BaP followed by single treatment of chlorothalonil at day 2; (D) 0.2 ng/mL BaP followed
by two applications of chlorothalonil at day 2 and day 5. * = values significantly different from their
respective controls (P<0.05, test Mann-Whitney).

(1) benzo(a)pyrene (BaP) used at low concentrations (0.4 uM) as an initiator to detect a promoting
effect of the tested substance, or (2) 12-O-tetradecanoylphorbol-13-acetate (TPA, 0.16 uM) to
evaluate an initiating capacity.

Cells are incubated for a 7-d period to allow the development of colonies and phenotypic
modifications. Cells are then fixed and stained with Giemsa. Microscopic examination is performed
to identify transformed colonies. The number of morphologically transformed colonies relative to
normal colonies in chemically treated groups is compared to controls.?426:28-30

We showed that chlorothalonil, a fungicide classified as a nongenotoxic carcinogen, promoted
MT of SHE cells previously initiated by BaP which caused no effect on its own at the low
concentration used (Figure 8.4).

Chlordane, a cyclodiene pesticide reported to be carcinogenic in rodents but devoid of genotoxic
properties, could induce MT of SHE cells at noncytotoxic concentrations. Chlordane potentiated
TPA effects and enhanced MT frequency in SHE cells. These results underlined that interactions
between nongenotoxic substances may also have dramatic consequences on cell transformation.*

In considering all the available data,?®3? it is clear that the SHE cell transformation assay appears
to be a relevant model for carcinogenicity. The initiation—promotion protocol increases the capacity
of the model to detect carcinogenic properties. Nevertheless, this assay suffers some drawbacks:

» The low transformation frequency induced by chemical carcinogens requires the examination of a
large number of colonies

+ The plating efficiency and the transformation frequency are dependent on growth factors provided
by the fetal calf serum added to the culture medium. These variability factors can be lowered by
pretesting the serum and the batches of embryo cells in order to optimize the above parameters.
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The development of synthetic serum allowing growth of cells at clonal density will certainly help
to solve this problem in the future

» The phenotypic changes are detected by microscopic examination of colonies. Thus, criteria for
transformation need to be clearly defined in order to limit subjectivity in scoring the morphologically
transformed colonies. Biomarkers of MT phenotype in addition to morphological criteria could be
useful to identify cell transformation. At the moment, such biochemical indicators are not available
and research is needed in this area.

Even though this transformation cell assay still requires some improvements experimentally, it
constitutes a good alternative to animal experiments for the detection of nongenotoxic carcinogens.
Another application of SHE cells could be envisaged owing to the fact that SHE cells are composed
of a mixture of fibroblastic and epithelial cells and since most cancers are epithelioma (carcinoma).
It would therefore be interesting to recover epithelial cells by selective growth media and to use
these in testing. At the moment, morphological cell transformation assays use mammalian cells.
Yet it would certainly be of interest to adapt this test system to cells derived from aquatic vertebrates
or invertebrates in the future.

IV. ROLE OF GAP JUNCTIONAL INTERCELLULAR COMMUNICATION
FOR THE DETECTION OF NONGENOTOXIC CARCINOGENS

Gap junctional intercellular communication (GJIC) is one of the major means by which mul-
ticellular organisms mediate the direct intercellular exchange of cellular signal factors (small
molecules and ions) from the interior of one cell to neighboring cells. GJIC plays a crucial role in
the maintenance of cell homeostasis, and aberrant GJIC is often involved in carcinogenesis. Gap
junctions are formed by the contact of two hemichannels (connexons) penetrating the plasma
membranes of adjacent cells (Figure 8.5).>> Hemichannels are formed by six protein subunits named
connexins (Cx).3

It has been shown that many tumor-promoting agents alter the regulation of GJIC. The inhibition
of GJIC is an epigenetic event which may be related to cell transformation and proliferation of
cancer cells.'*?* There are several levels of regulation of GJIC. Permeability decrease or inhibition
may result from changes in the expression of Cx during transcription and translation. Alteration of
post-translational processing and connexon assembly and insertion into the plasma membrane can
also be involved in the deregulation of GJIC. Most transformed and tumorigenic cells show aberrant
GIJIC, but the transfection of connexin genes into these tumorigenic cells may restore the normal
phenotype. This emphasizes the relevance of GJIC in cancer promotion. All these topics have been
extensively reviewed.>38

Budunova®* reported that 60% of a set of 80 substances with known carcinogenic activity inhibit
GJIC. Antipromoting and anticarcinogenic agents such as retinoic acid, glucocorticoids, quercetin,
etc., may prevent the inhibition of GJIC induced in vitro by the tumor promoter TPA.3* These results
strongly support the hypothesis that alteration of GJIC is a critical event in carcinogenesis.

Several methods were developed to study GJIC. One approach, called metabolic cooperation,
is based on the transfer of small molecules between cells. The first experimental assay used to
study metabolic cooperation is the coculture of 6-thioguanine (6-TG) resistant and 6-TG sensitive
V79 cells.!? 6-TG sensitive cells are able to phosphoribosylate this synthetic purine. The phospho-
ribosylated purine is a toxic metabolite which kills 6-TG resistant cells after its transfer through
operational gap junctions. The number of resistant cells recovered after exposure of the coculture
to the test substance is a quantitative indicator of its capacity to inhibit GJIC. Another approach to
study GJIC consists of dye transfer techniques. These methods register the spread of fluorescent
dye (lucifer yellow) microinjected into one of the cells (Figure 8.6). These techniques are easy to
perform and give rapid results, which make them powerful tools in screening.
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Figure 8.5 Molecular organization of a gap junction.

We showed that chlordane which induced the morphological transformation of SHE cells also
inhibited intercellular communication. Inhibition of GJIC by chlordane was revealed by a dye transfer
technique in SHE cells and with the metabolic cooperation assay with V79. These results emphasized
the epigenetic character of this pesticide which disturbs homeostasis by several mechanisms.*

It was initially postulated that inhibition of GJIC could be a common property of nongenotoxic
carcinogens. Some of them, however, do not comply with this postulate. As an example, chloro-
thalonil was not found to inhibit intercellular communication either in V79 cells or in SHE cells,
while it promoted MT in SHE cells.? Thus, caution is required in interpreting negative results,
which are not a guarantee of safety. Indeed, GJIC is a complex process controlled by many cellular
and environmental factors. In the case of responses demonstrating an inhibition of intercellular
communication, GJIC remains a useful criterion which may relate to carcinogenic potential.

The above examples illustrate the wide spectrum of activities of epigenetic carcinogens and
emphasize the need for developing and validating several types of assays for the evaluation of
nongenotoxic carcinogens. Another area worth investigating is the complex DNA repair system.
This system can be the target of chemicals which will indirectly increase genomic alterations.
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Figure 8.6 GJIC measured by dye transfer of lucifer yellow after microinjection of single SHE cell. (a) Control
cells. (b) Inhibition of GJIC by TPA {1 hour exposure 0.1 ug/mL).

V. IMPACT OF EPIGENETIC CARCINOGENS
ON POLY(ADP-RIBOSE) POLYMERASE

Poly(ADP-ribose) polymerase (PARP; EC 2.4.2.30.) is a zinc-binding nuclear enzyme that
catalyzes the synthesis of the polymer poly(ADP-ribose) (pADPr) from its substrate, nicotinamide
adenine dinucleotide (NAD").** The intracellular synthesis of poly(ADP-ribose), a process called
poly(ADP-ribosyl)ation, is induced by strand breaks in DNA.*® The polymer pADPr will bind to
nuclear proteins and histones, leading to chromatin decondensation which facilitates the activity
of DNA repair enzymes.*!

Thus, PARP through poly(ADP ribosyl)ation of nuclear proteins plays an essential role in DNA
metabolism (replication and repair) in eukaryotic cells. Cell cycle, cell transformation, cell differ-
entiation, spermatogenesis, and embryogenesis are also controlled by PARP.#** An inhibition of
poly(ADP-ribose) synthesis may be deleterious to DNA metabolism and integrity, and to cell growth
and differentiation. Thus, poly(ADP ribosyl)ation pattern in cells could be used as an early and
general endpoint in genetic toxicology.

Specific inhibitors of PARP are not genotoxic but can disturb the cell cycle in S and G2 phases.®
3-aminobenzamide (3-AB), an inhibitor of poly(ADP-ribose) synthesis, was shown to induce sister
chromatid exchanges,* and also to potentiate the genotoxic effects of clastogens.*” At present, there
is a consensus suggesting that PARP inhibitors could induce variations in carcinogenicity. The
mechanisms by which poly(ADP-ribosyljation interferes in this process remain to be elucidated.
Considering the importance of PARP cellular functions, poly(ADP-ribosyl)ation deserves to be
more thoroughly studied.
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Because epigenetic carcinogens may change PARP expression and synthesis of pADPr,* the
relationships between poly(ADP-ribosyl)ation and cell transformation is another area worthy of
investigation. These effects could be monitored in cells by measuring poly(ADP-ribose) levels
according to the method of Shah et al.*

VI. CONCLUSIONS

One of the major challenges of our times is to prevent the environmental consequences of
pollution for human and environmental safety. Efficient prevention requires that the regulation of
new chemicals be improved in order to fill the present gap concerning carcinogenicity. The variety
of mechanisms involved in the control of cell cycle and mitosis explains the difficulty in screening
nongenotoxic carcinogens. This contrasts with genotoxic substances easily detected by mutations,
and genomic and chromosomal alterations.

The detection of genotoxic carcinogens by in vitro short-term assays is quite efficient, but at
this time no test has been validated for nongenotoxic carcinogens. Cell morphological transforma-
tion assays and GJIC measurements are relevant methods which deserve to be considered in a
battery of in vitro short-term assays for carcinogenicity. It is imperative that these methods become
standardized in the near future.

Environmental problems result in a great part from the interactions between a multitude of
contaminants in the ecosystems. These interactions cannot be underestimated in the context of a
multistage and multifactorial carcinogenic process. They may involve genetic as well as epigenetic
factors, acting directly or not on DNA metabolism and on cellular homeostasis. Up to now, scientists
have mainly focused on the study of DNA damaging agents, i.e., initiators. It now appears essential
that nongenotoxic carcinogens and the combined effects of initiators and tumor promoters be
investigated more extensively.

At present, in vitro genotoxicity assays for chemicals use mainly mammalian cells. A logical
next step would be to develop new techniques from selected aquatic (in)vertebrate cells. The
promotion of such microscale techniques should be encouraged so as to offer more relevant
diagnostic tools to ensure better protection for the aquatic environment.
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I. INTRODUCTION

The main sources of heavy metal pollution are geological weathering and industrial activity
(e.g., mining, electroplating, battery manufacturing, and paints and dyes).! There are concerns over
the persistence of heavy metals in the environment and their adverse effects on humans and the
biota in general, resulting in the inclusion of some toxic metals in the U.S. Environmental Protection
Agency’s list of 129 priority pollutants. The main problems caused by discharges of toxic pollutants
to receiving waters are toxicity to aquatic organisms and restrictions on human use of these waters.
Metals may be present in a wide variety of physicochemical forms in aquatic environments, and
their speciation has a profound effect on their bioavailability and toxicity to aquatic organisms.
Several physical, chemical, and biological factors influence the bioavailability and thus, the toxicity
of metals in the environment. These factors include pH, suspended particles, redox potential (Eh),
water hardness, and organic and inorganic compounds.? The free ionic forms of metals are generally
the most toxic to the biota, while the precipitated, sorbed, and complexed forms appear to be
nontoxic, or at least are considerably less toxic than free metal ions.? The topic of toxicity testing
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Table 9.1 Short-term Toxicity Assays Based on Enzyme Activity or Biosynthesis

Enzyme Endpoint Measured Comments

Dehydrogenases Measure reduction of oxidoreduction Widely tested in water, wastewater, soils,
dyes such as INT or TTC sediments

ATPase Measure phosphate concentration In vivo and in vitro tests have been used
using ATP as a substrate

Esterases Nonfluorescent substrates degraded to Acetylcholinesterase sensitive to
fluorescent products organophosphates and carbamates

Phosphatases Measure organic portion of substrate Little sensitivity to heavy metals
(e.g., phenol) or inorganic phosphate

Urease Measure ammonia production from Studied mostly in soils and more recently in
urea water

Luciferase Measure light production using ATP as Used in ATP-TOX bioassay in conjunction with
a substrate inhibition of ATP levels in a bacterial culture

B-galactosidase Measure hydrolysis of o-nitrophenyl-o- Toxicant effect on both enzyme activity and
galactoside or other substrates biosynthesis was tested

a-glucosidase p-nitrophenyl-a-b-glucoside Toxicant effect on enzyme biosynthesis has

been tested

Tryptophanase Add Ehrlich’s reagent and measure Toxicant effect on enzyme biosynthesis has

absorbance at 568 nm been tested

Adapted from Bitton, G. and Koopman, B., Rev. Environ. Contam. Toxicol., 125, 1,1992.

for heavy metals, using fish, invertebrates, plants, microorganisms, and enzymes, has been exten-
sively reviewed by Kong et al.?

In wastewater treatment plants, heavy metal sources include industrial discharges and urban
storm water runoffs. These toxicants affect both aerobic (e.g., nitrification) and anaerobic (e.g.,
methanogenesis) treatment processes. While several metals are quite toxic to methanogenesis
(although trace levels of Ni or Co may be stimulatory to methanogenic bacteria), they may cause
deflocculation in activated sludge, leading to sludge separation problems.*¢

A wide range of toxicity bioassays has been developed for assessing the impact of toxic
chemicals on natural and man-made ecosystems. These bioassays utilize fish, zooplankton, algae,
bacteria, and fungi as test organisms. Several enzyme and microbial assays have been developed
and proposed to respond to the need for carrying out rapid and inexpensive toxicity assessment of
environmental samples.”® These assays, when packaged as test kits, are convenient for the screening
of large numbers of samples in the laboratory as well as under field conditions.>!® Most of the
proposed kits measure the general toxicity of a given sample. Thus, our research focused on the
development of toxicity assays for the determination of heavy metal contamination.

Il. USE OF ENZYMES IN TOXICITY TESTING

Dehydrogenases and hydrolases (e.g., ATPase, phosphatase, esterase, urease, luciferase,
pB-galactosidase, a-glucosidase) are the main classes of enzymes which have been considered for
toxicity testing in aquatic environments, wastewater effluents, sludges, soils, and sediments.!!
Table 9.1 gives a compilation of the main enzymes used in toxicity assessment of environmental
samples. Enzymatic toxicity assays essentially fall into two categories: 1) assays based on induction
of enzyme biosynthesis and 2) assays based on enzyme activity.!!13

It was suggested that the inhibition of de novo enzyme biosynthesis can serve as an endpoint
in toxicity testing!4!>- Toxi-Chromotest™ is a toxicity test kit based on the inhibition of de novo
synthesis of -galactosidase.!> However, this test was found to be less sensitive than Daphnia pulex
and Ceriodaphnia dubia toxicity tests (based on immobilization of the daphnids) or Microtox®
bioassay (based on inhibition of bioluminescence).!®'® The inhibition of biosynthesis of other
inducible enzymes has also been explored as a basis of chemical contamination testing. A test
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based on inhibition of tryptophanase biosynthesis induction in E. coli was found to be less sensitive
than the one based on inhibition of a-glucosidase biosynthesis induction in Bacillus licheniformis."®
The latter test was used to determine the toxicity of sediment elutriates from hazardous waste sites
in Florida. For the ten most inhibitory sediment elutriates, the a-glucosidase induction assay
consistently gave lower EC4;s (ECs, = toxicant concentration which causes 50% inhibition of the
enzyme) than Microtox.2

Toxicity tests based on the inhibition of enzyme activity have also been suggested for assessing
chemical toxicity in aquatic environments. They include phosphatases,?! esterases (e.g., acetylcho-
linesterase),”>** ATPase,” peroxidase,” urease,’>?’ luciferase,'*?® f-galactosidase,®*® protease,
amylase, and a-glucosidase.!

. USE OF ENZYMES FOR THE SPECIFIC DETERMINATION
OF HEAVY METAL TOXICITY

The specific determination of the presence of heavy metals in environmental samples is possible
using microbial or enzyme biosensors. Some of the biosensors detect the presence of specific
organic toxicants such as phenol and related compounds®' or organophosphorous pesticides and
carbaryl.’? In some other biosensors the test bacteria respond to specific metals via induction of
specific genes such as the /ux gene which has been fused with the mer operon.’*-* However, there
are some problems associated with microbial biosensors, namely, the lack of response at high metal
concentration and, sometimes, the lack of selectivity. (See Kong et al.® for further discussion.)
Moreover, these biosensor assays are not toxicity assays per se and merely indicate the presence
of a given metal.

We have tested the inhibition of the activity of hydrolytic enzymes (a-glucosidase, urease,
phosphatase, peroxidase) as an indication of heavy metal toxicity (Jung and Bitton, unpublished
data). a-glucosidase responded somewhat to all of the metals tested (Cd, Cr, Cu, Ni, Hg, Zn) except
Pb. Alkaline phosphatase responded to some heavy metals (Cr, Hg, and Zn), but was insensitive
to others tested (e.g., Cu, Cd). Tyler’s study?! showed that, indeed, this enzyme was hardly inhibited
by heavy metals. It was also found that peroxidase was quite insensitive to heavy metal toxicity,
confirming the results of Guibault et al.

As a result of our preliminary screening of several enzymes for sensitivity and specificity to
heavy metal toxicity, we have retained two hydrolases for further testing, urease and f3-galactosidase.

A. Urease

It was previously reported that some of the widely used pesticides (malathion, captan, diazinon,
carbaryl) as well as other organic toxicants (dithiocarbamates, sodium p-chloromercuribenzoate,
hydroxamates, catechol, hydroquinone, p-benzoquinone) do not significantly affect urease activ-
ity,26373% while metal ions inhibit urease by reacting with the thiol groups of the enzyme.**40 We
developed a Urease Toxicity Assay (UTA) that was found to be quite sensitive to heavy metals but
was relatively insensitive to organic toxicants.?” UTA was most sensitive to Hg?* and Cu?* (ECyys =
0.008 and 0.013 mg/L, respectively) and least sensitive to lead (ECy, = 2.5 mg/L) (Table 9.2). The
toxicity of the metals tested followed the following sequence: Hg > Cu > Cd > Zn > Ni > Cr >
Pb. This sequence is similar to the one reported by Zhylyak et al.*! who used a urease-based
conductimetric biosensor. A comparison of UTA EC,;s to those obtained with other toxicity tests
revealed that this bioassay was comparable in sensitivity to acute Daphnia magna bioassay and
was more sensitive than other microbial or enzymatic toxicity bioassays.>” However, since the end
product of urease action on urea is ammonia, UTA use is questionable in some environmental
samples, especially wastewater, due to the interfering effect of ammonia. We have attempted to
remove this interference by immobilizing the enzyme on glass beads, but this practice helped protect
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Table 9.2 Sensitivity of Free Urease to Selected
Heavy Metals and Organic Toxicants

Toxicant EC;, (mg/L)
2,4-Dichlorophenol >500

2,4-D >150
Hydrothol >200

Lindane >3,000
Methano! >100,000
Parathion >500
Pentachlorophenol >200

Phenol >3,000

SDSs >500
2,4,6-Trichlorophenol >500

Cd 0.12+ 0.04"
Cr(lly 0.82 = 0.11
Cu 0.013 = 0.006
Pb 25+£12

Hg 0.008 = 0.002
Ni 0.51+0.25
Zn 0.18 = 0.074

* mean = standard deviation

Adapted from Jung, K., Bitton, G., and Koopman,
B., Water Res., 29, 1929, 1995.

the enzyme from heavy metal insult and, therefore, would not be suitable for toxicity testing. The
protective effect of immobilization is confirmed by the findings of other investigators.*? Thus,
UTA? and urease conductimetric biosensors*! may not be suitable candidate assays for assessing
heavy metal toxicity in some environmental samples.

B. p-galactosidase

Early in our investigations, we observed that the activity of f-galactosidase was insensitive to
organic toxicants while being relatively sensitive to heavy metals.?’ It was thought that this phe-
nomenon may be used as a basis for a toxicity assay which would be specific for heavy metal
toxicity in environmental samples, thus avoiding sample fractionation to identify metal toxicity.
We have thus developed two new kits, MetPAD™ and MetPLLATE™, for the specific determination
of heavy metal toxicity. We will now briefly review our findings concerning the development of
these test kits and their application to the determination of metal toxicity in aquatic and solid
environmental samples.

IV. DESCRIPTION OF THE METPAD AND METPLATE ASSAY KITS

MetPAD and MetPLATE toxicity test kits are based on the specific inhibition of the activity of
B-galactosidase in an E. coli strain by heavy metals. The MetPAD kit comprises the bacterial reagent
(a mutant strain of E. coli), diluent, buffer, and assay pads containing a dried f-galactosidase
substrate (chlorophenol red-f3-p-galactopyranoside). The MetPLATE kit contains the same ingre-
dients as MetPAD except that the assay pads are replaced by a freeze-dried enzyme substrate and
a 96-well microplate. Figure 9.1 shows the flow chart of the MetPAD and MetPLATE toxicity
bioassays. One MetPLATE kit is sufficient for running three complete assays for EC, determination
or for screening for the heavy metal toxicity of up to 20 samples.
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Figure 9.1 Flowchart of MetPAD/MetPLATE toxicity tests.

A. MetPAD: a Semiquantitative Test for Heavy Metal Toxicity

We have tested the response of MetPAD to several heavy metals and organic toxicants. While
the kit responds to all heavy metals tested, it was relatively insensitive to the organic toxicants
examined (e.g., phenol, pentachlorophenol, sodium dodecyl sulfate). For example, the kit did not
respond to 3000 mg/L of phenol or sodium dodecyl sulfate.*> We have concluded that the MetPAD
kit can be used for the direct and specific detection of heavy metals in environmental samples
without the need for treatment of the samples with EDTA or ion exchange resins.

Metal analysis and MetPAD assays were run concurrently to assess the heavy metal content
and toxicity of wastewater effluents (Table 9.3).4#" Five out of eight wastewater effluents were
found to be toxic. Furthermore, except for sample #3, the toxicity generally increased with the
heavy metal content of the samples. MetPAD showed no toxicity when some of the samples were
passed through a cation exchange resin to remove heavy metals,*® confirming that this kit is indeed
specific for heavy metal toxicity. MetPAD, when run concurrently with Microtox, was useful in
pinpointing sediment elutriates with heavy metal toxicity. Table 9.3 shows the results given by
MetPAD as regards the toxicity of sediment elutriates from hazardous waste sites in Florida.*” All
toxic elutriates contained heavy metals as shown by chemical analysis, while nontoxic samples
contained only trace amounts of heavy metals. Since MetPAD does not give an ECy, for a sample
(however, there is the possibility of determining an MIC = minimum inhibitory concentration),
there was a need to develop a more quantitative assay for heavy metal toxicity.
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Table 9.3 Use of MetPAD™ for Detecting Metal Toxicity
in Wastewater Effluents and Sediment Elutriates

Metal
Sample Code MetPAD™ Results* (metal content in mg/L)

Wastewater
WW1 Nontoxic Cu (0.08)
Www2 Nontoxic Zn (0.1)
WW3 Nontoxic Cu (1.1)
Ww4 +++++ Cr (6.6)
WW5 ++++ Zn (1.5)
WWe +++++ Zn (23.1); Cr (2.8); Ni (1.9)
WW7 e+t Zn (6.7); Ni (1.6)

Sediment Elutriates

SE1 Nontoxic Zn (<0.1)

SE2 +44 Cu (0.99); Zn (3.9)

SE3 +H+++ Cu (5.12); Zn (4.1)

SE4 +++++ Cu (3.2); Zn (3.4)

SES ot Cu (1.9); Zn (5.5); Pb (2.9)
SE6 Nontoxic Pb (<0.1)

SE7 e+ Cu (2.8); Zn (1.1)

* Degree of toxicity for MetPAD™: +++++ = 100% toxic (no purple
color development); + = slightly toxic; nontoxic = purple spots of
similar intensity as the control (moderately. hard water)

Adapted from Bitton, G., Koopman, B., and Agami, O., Water Environ.
Res., 64, 834, 1992.

B. MetPLATE: a Quantitative Test for Heavy Metal Toxicity

MetPLATE (see Figure 9.1 for methodology), using a 96-well microplate format, was developed
to respond to the need for a quantitative assay for heavy metal toxicity.*’ As regards its sensitivity
to heavy metals (Table 9.4), MetPLATE compares favorably with Microtox, Daphnia magna, and
fish toxicity bioassays. When compared to another microbial toxicity test, MetPLATE was similar
to Microtox concerning its response to mercury, but was more sensitive to the other heavy metals
tested, in particular cadmium and nickel. Ten industrial effluents or process waters were tested for
heavy metal toxicity by MetPLATE (Table 9.5). Toxicity was observed in six samples and was
confirmed by chemical analysis, which showed the presence of heavy metals. An exception was
the effluent from newspaper printing, which contained 1.9 mg/L Cu but was not toxic. This may
be due to the fact that copper was not in a bioavailable form.

It is generally recognized that much lower concentrations of reactants are needed in fluorogenic
enzyme assays.”® The use of fluorogenic substrates helps enhance the sensitivity of methods for
determining microbial activities in water samples, as compared to chromogenic substrates.>'>? This
is why we have investigated the use of a fluorogenic enzyme substrate in an attempt to increase
the sensitivity of the enzyme assay. Therefore, methyl umbelliferyl-B-p-galactopyranoside (MUGA)
was used in lieu of the chromogenic substrate used in MetPLATE. Table 9.6 shows that, except for
lead, the fluorogenic version of MetPLATE, hereafter called FluoroMetPLATE™, was quite sensitive
to the heavy metals tested but was also insensitive to organic compounds. Four of the seven heavy
metals tested (Cd, Cu, Hg, Zn) had ECjs of less than 0.1 mg/L. Except for lead, the ECs,s for metals
were comparable to those obtained with a 48-h Ceriodaphnia dubia bioassay. Monitoring of industrial
samples showed that FluoroMetPLATE gave results similar to the daphnid toxicity assay for 22 out
of 29 samples. It was also demonstrated that the toxicity of most of the remaining samples was due
to organic toxicants, confirming the specificity of FluoroMetPLATE for heavy metals.5
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Table 9.4 Sensitivity of MetPLATE™ to Heavy Metals in Comparison to Microtox™,
Daphnia, and Fish Bioassays

EC,, (mg/L)

48-hr* 96-hr*
Metal MetPLATE 15 min-Microtox* Daphnia magna  Rainbow trout
Cd 0.029 + 0.001** 19-220 0.041-1.9 0.15-2.5
Cr(lil) 6.9 = 0.31 13 0.10-1.8 A
Cu 0.22 = 0.042 0.076-3.8 0.020-0.093 0.25
Pb 10+ 0.3 1.7-30 3.6 8.0
Hg 0.038 = 0.001 0.029-0.05 0.0052-0.21 0.033-0.2
Ni 0.97 = 0.020 23 7.6 36
Zn 0.11 = 0.001 0.27-29 0.54-5.1 0.55-2.2

* Data drawn from the literature (original references in Bitton?®).
**Mean = 1.0 S. D.

Adapted from Bitton, G., Wastewater Microbiology, Wiley-Liss, New York, 1994.

Table 9.5 Toxicity and Heavy Metal Content of Selected Industrial
Wastewaters and Process Waters, using MetPLATE™

Industry MetPLATE, % inhibition Metals (mg/L)

Battery recycling 100 Zn (6.1), Cd (0.1)
Cu (0.01), Hg (0.03)

Brewery Nontoxic n (0.06)

Newspaper printing Nontoxic Cu (1.86)

Organic chemicals Nontoxic Zn (0.56), Cu (0.06)

Pulp and paper 16.7 + 7.5% Zn (0.28)

Pulp and paper 11.3 £ 8.0 NT**

Stationery products Nontoxic NT

Wire and cable 62.1 = 5.0 Zn (0.16), Cu (0.01)

Wood preserving 13993 NT

Wood preserving 854 + 0.7 Zn (0.95), Cu (176)
Hg (0.01)

*Mean+1.0S.D.
**NT = not tested for metals

From Bitton, G., Jung, K., and Koopman, B., Arch. Environ. Contam. Toxicol.,
27, 25, 1994. With permission.

Table 9.6 Comparison of the Sensitivity of FluoroMetPLATE™ to 48-Hour Acute
Ceriodaphnia Bioassay

FluoroMetPLATE 48-hr Ceriodaphnia dubia bioassay

Toxicant EC,, (mg/L) EC,, (mg/L)
Cadmium(ll) 0.0029 = 0.0003 0.054 = 0.0026"
Copper(ll) 0.0124 = 0.0007 0.011 £ 0.0010*
Lead(ll) 1.8675 = 0.1998 0.118 = 0.0045"
Mercury(ll) 0.0037 = 0.0004 0.013 = 0.0005
Zinc(Il) 0.0521 = 0.0037 0.060 = 0.0122*
SDS >2500 10 = 2.9"
Phenol >1250 14 £ 7.1
Pentachiorophenol >500 0.33 = 0.058™"
2,4,6-Trichlorophenol >625 4.0 = 0.53**

* Data from Jung, K., Bitton, G., and Koopman, B., J. Environ. Toxicol. Chem., 15, 711-714.

**Data from Koopman, B., Bitton, G., Delfino, J.J., Mazidji, C., Voiland, G., and Neita,
N., Toxicity testing in wastewater systems, Contract No. WM-222, Report to the Florida
Depart. Environ. Regulation, Tallahassee, FL, 1989.
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V. CONCLUSIONS AND CONTINUING WORK

The following conclusions can be drawn:

» A common feature of currently available microscale bioassays is their use in general toxicity testing

(i.e., they respond to both metallic and organic toxicants). There is a need to develop microbial
and enzymatic tests for the direct measurement of specific categories of toxicants (e.g., heavy
metals).

Certain enzymes (e.g., urease, p-galactosidase) are quite sensitive to heavy metal toxicity and do
not respond well to organic toxicants. Thus, bioassay kits based on the inhibition of 3-galactosidase
activity (e.g., MetPAD/MetPLATE/FluoroMetPLATE) are designed for the specific determination
of metal toxicity in environmental samples. These kits should be part of a battery of tests for
assessing the toxicity of environmental samples.

These kits offer a simpler and faster approach for detecting heavy metal toxicity than the proposed
effluent fractionation schemes which are part of the Toxicity Reduction Evaluation proposed by
the U.S. EPA.*4 Furthermore, some have observed inherent problems in the fractionation proce-
dures.>

These kits can be used to screen and pinpoint the source of heavy metals in wastewater collection
systems and evaluate pretreatment options for metal removal.

Continuing work includes the use of MetPLATE for the rapid identification of the physicochemical
characteristics contributing to the detoxification of heavy metals in aquatic environments and
engineered systems. A solid-phase methodology has been developed to test heavy metal toxicity
associated with solids such as soils, sludges, and sediments.> The solid-phase assay has been used
to assess the success of soil treatment options for heavy metal remediation.>® Preliminary work is
showing that these enzymatic toxicity assays can assess the bioavailability of metals in soils and
their uptake by plants.”” More work is needed to extend this research to other soils and plants.
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